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In this thesis, the sp~ctral power distribution of
daylight is investigated theoretically, by calculations
on the scattering of light in a model atmosphere, and
experimentally, by the analysis of measured daylight
spe.ctra.
The study begins with a brief discussion on the
structure of the sun, the extraterrestrial solar spectrum,
and those constituents of the earth's atmosphere which
affect the spectrum of daylight; a comprehensive review
of the atmospheric aerosol is included.
The theory of the single scattering of light by a~r
molecules and aerosol particles is presented, and some of
the computer programs which were written to evaluate the
scattering parameters of aerosol particles are listed.
The spectral power distributions of direct sunlight, for
a range of solar zenith angles, and skylight, for the
zenith sun only, are calculated by combining the
extraterrestrial solar irradiance with a model atmosphere
which contains air molecules, aerosol particles and ozone.
The effect of variations in the aerosol content and the
ozone content of the atmosphere are investigated.
Daylight spectra, which were measured under various
atmospheric conditions, are analysed; variations in the
spectrum due to changes ~n the solar zenith angle, the
distribution and amount of cloud, and the ozone content
of the atmosphere are examined, with particular reference
the relative power and the solar zenith angle, and
between the proportion of ultraviolet radiation in the
spectrum and its correlated colour temperature are
presented. Mean spectra are derived and are compared
with the erE standard daylights D6500 and D5500• Finally,
the possibility of long-term variations in the spectrum
of ~aylight is investigated by comparing recent spectra
with those measured 10 years earlier.
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Daylight is the solar radiation which reaches the
surface of the earth after passing through the
atmosphere; some of the radiation is scattered or
absorbed by air molecules, dust particles (the
the dust content of the atmosphere, and in the amount
and type of cloud produce a wide variation in the
spectral composition and colour of daylight, ranging
from bright sunlight and a blue sky, to the dull
overcast sky and the purple hues of twilight. Daylight
has two components; the·light which comes from the
direction of the sun's disc is called direct sunlight,
and the light from all other directions, i.e. from the
sky and clouds, is referred to as skylight. The total
daylight is the sum of these components and is called
global radiation; thus
Global Radiation = Direct Sunlight + Skylight.
In a scientific context, the term "daylight" ~s
somewhat misleading because it is applied to the 300 -
800 nm wavelength spectral region, which includes not
only light (380 - 780 nm), but also near-ultraviolet
radiation at wavelengths from 380 nm to around 300 nm.
The short-wavelength limit of the daylight spectrum is
defined as the minimum wavelength at which radiation can
be detected. At sea level, the minimum wavelength
normally lies between 290 nm and 310 nm, although it may
reach 330 nm when the sun is very low in the sky and the
atmosphere is hazy; 300 nmis usually taken as a mean
value.
incidence on the top of the atmosphere is approximately
1 38 kW -2 f h" h 84 k -2" "d" h"• .m, 0 W 1C O. . W.m 1S conta1ne W1t 1n
wavelengths between 300 nm and the blue region of the
spectrum causes an immediate temporary tanning of the
skin, with the maximum effect at 350 nm. The absorption
of radiation in the 280 - 315 nm region produces a
reddening of the skin (erythema), for which the most
effective wavelengths are around 290 nm; this is often
followed by a slowly developing tan caused by the
production of the dark pigment melanin. Excessive
exposure to ultraviolet radiation is harmful; erythemic
wavelengths can affect the eyes, producing
conjunctivitis, and there is some evidence that
wavelengths shorter than 300 nm may cause skin cancer.
Daylight is a direct result of the interaction
between solar radiation and the constituents of the
atmosphere; thus, any variations in the optical
properties of the atmosphere will produce a change 1n
the intensity and spectral distribution of daylight at
the earth's surface, with possibly harmful effects on
the animal and plant life.
Two particular aspects of the modification of the
atmosphere are currently causing concern. Th~ first
involves depletion of the atmospheric ozone layer; this
layer extends from about 12 km to 40 km altitude, and
the ozone concentration reaches a maximum around 20 km.
Ozone strongly absorbs radiation at wavelengths shorter
than 330 nm, and thus protects the surface of the earth
from harmful ultraviolet radiation. It has been
suggested that the ozone laye~ is being destroyed by
reactions with the exhaust products of high altitude
aircraft like Concord, and with chlorine which is
released by the photo dissociation in the upper
atmosphere of the fluorocarbon propellants used in the
from the increased amount of dust and other particulate
matter which is present in the atmosphere; this results
from industrial activity and, particularly in the upper
atmosphere, from the exhaust products of aircraft. The
amount of radiation which is absorbed 1n the atmosphere
or scattered back into space depends on the optical
properties and the vertical distribution of these
particles; any disturbance of the delicate radiation
equilibrium between the earth and the atmosphere may
produce a net heating or cooling effect, and mankind
will eithe.r freeze to death in a new ice age, or drown
in water from the melted polar ice caps. The
corresponding effects on visible and near-ultraviolet
radiation will be a decrease in the total intensity of
daylight, and a change in its spectral power
distribution, which may lead to a reduction in the rate
of growth of plants.
There are a variety of reasons for the study of
daylight, some of which have already been mentioned.
Frequent measurements of the SPD are necessary in order
to monitor the effects of pollution, especially in the
ultraviolet region; theoretical investigations of the
transmission and scattering of light in the atmosphere
are essential so that the future effects of pollution
can be accurately predicted. Another area of research
involves the measurement and analysis of large numbers
of daylight spectra in order to establish spectral power
distributions for "standard" or average daylight; this
is mainly of interest to workers who are concerned with
lighting and colour.
The work described in this thesis can be divided
into two parts:
aerosol particles on the spectrum of daylight
is investigated by means of calculations based
on a single-scattering approximation to the
Radiative Transfer theory; the validity of this
approximation is examined by comparing these
results with measured spectra and with the
values obtained by the use of more exact
of ultraviolet radiation reaching the ground due
to changes in the ozone content of the atmosphere
are also considered.
spectra, which were measured at different times
of the day and under a variety of meteorological
conditions, are analysed in order to discover
those variable factors which affect the SPD in
general, and the proportion of ultraviolet
radiation in particular. These measured spectra
are compared with current spectral distributions
for standard daylight in an attempt to resolve
the differences which have been found between
the amounts of ultraviolet radiation in
measured and standard daylight. By comparing
recent daylight spectra with those measured
previously, it may be possible to detect
changes ~n the SPD which can be attributed to
the ~ncrease in atmospheric pollution during
the past few years.
The contents of the thesis are arranged as follows:
Section 2 contains a short description of the structure
of the sun and the solar spectrum. This is followed, ~n
sections 3 and 4, by a review of the structure of the
earth's atmosphere and those properties of the atmosphere
contains a very brief account of absorption in the
daylight spectral range due to atmospheric gases. The
theory of the single scattering of light by air molecules
and atmospheric dust particles is outlined in section 6.
Computer programs for calculating the light-scattering
properties of dust particles are presented in 5ection 7.
Sections 8 and 9 are concerned with the theoretical
studies which were described above, in paragraph (~).
The measurements and their analysis (paragraph (b)) are
discussed in section 10. The conclusions arising from
all of these studies are summarised in section 11.
found in the recent (1973) book by Gibson1.
Mass 1.990 x 1030 kg
Equatorial Diameter 1. 392 x 106 km
Mean Density 1.4 -3g.cm
In the central core of the sun, at a temperature of
107 K and pressures exceeding 1011 atmospheres, Hydrogen
composed of n uniform mixture which is 99% Hydrogen and
Helium, with 1% of heavier elements.
The temperature decreases through the outer layers,
and reaches a minimum at the photosphere which is the
defined solar disc results from a rapid increase 1n
optical absorption below the photosphere.
The reversing layer extends to 1500 km above the
photosphere; in this region the gas is cooler
(around 4500 K), and it consists of neutral or singly
ionised atoms which absorb radiation from the continuum
absorption lines, the Fraunhofer lines, are a prominent
feature of the solar spectrum, as shown in fig. 1
(from Arveson2).
The chromosphere extends to a height of about
10000 km above the reversing layer; the gas density
decreases as the height increases, and the temperature
rises to 105- 106 K. Radiation from the chromosphere is
mainly short UV emission by Calcium, Hydrogen and Helium.
The outermost region of the sun, the corona, 1S
visible only when the pho~osphere is obscured. It is
essentially a hydrogen plasma at a temperature of 107 K,
which emits very short UV and X-ray radiation; there 1S
also some emission from highly ionised Calcium, Iron and
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orbit, at a distance which varies by i 1.67% from the
mean value of 1.496 x 108 km.
. -2outside the atmosphere is approximately 1.38 kW.m ;
irradiance (8 ) 1S related to the extraterrestrialm
irradiance (8 ) byo
H '" H. exp (- mk)m . 0
various times during the day, H can be measured as a
m
10g(H )
m
linear function of m, so H can be obtained byo
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measurements can be made from spacecraft outside the
atmosphere.
For most purposes a high-resolution spectrum, like
structure can be "smoothed" out by averaging the
spectral irradiance over a larger bandwidth, as in fig. 2
where a 10 nm bandwidth was'used. This also permits
easier comparisons with the many daylight spectra which
have been measured with a 10 nm bandwidth.
All the calculations ~n this thesis are based on
the spectral distribution derived by Thekaekara; it is
listed in Table 1.
\va vel en gth H Wavelength H
0 0
300 0.51 :, 560 1. 695
310 0.689 570 1. 712
320 0.830 580 1.715
330 1. 059 590 1. 700
340 1. 074 600 1. 666
350 1. 09 3 610 1. 635
360 1.068 620 1.602
370 1.181 630 1. 570
380 1. 120 640 1. 544
390 1. 098 650 1.511
400 1.429 660 1. 486
410 1.751 670 1.456
420 1.747 680 1.427
430 1. 639 690 1. 402
440 1. 810 700 1.369
450 2.006 710 1.344
460 2.066 720 1.314
470 2.033 730 1. 290
480 2.074 740 1. 260
490 1. 950 750 1.235
500 1. 942 760 1.211
51Q 1. 882 770 1.185
520 1.833 780 1.159
530 1. 842 790 1.134
540 1. 783 800 1. 109
550 1. 725
Units:- Wavelength in nrn
-2 -1H in W.rn .nrno .
(averaged over a 10 nrn bandwidth)
model used in this thesis is the US Standard
Atmosphere6, which is defined in terms of dry dust-free
5 -2approximately 1.013 x 10 N.~ (760 mm of mercury).
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dioxide, and it has been estimated that the CO2 content
of the atmosphere is increasing by 2 - 3% of this
8 9fuels ' .
e. g. CH4, CO, HZ' NO, 802
The chemistry of these minor gases has been discussed
10by Junge
o + 0z + M = 03 + M
a third body (M) is necessary to remove the heat
11first suggested by Chapman ~n
1930, but there is still much debate about the precise
invo1ved1Z,13.
· 14 d h . 115 h'spectroscop1C an c em1ca tec n14ues.
16been incorporated into the US Standard Atmosphere
evidence that another ozone layer may exist above
70 km altitude17; the maximum concentration of ozone
in this layer is about 10-5 of the maximum in the
-1in the tropics to 0.5 g.kg
atmosphere is equally variable; the following table
-2shows the total precipitable water vapour (in g.cm )
as a function of latitude and season18.
•....... •.......s S..>:: ~'-" '-" 20
(I) (I)
'\:l '\:l
::l ::l
.I-J .I-J
.,-1 .,-1
.I-J 20 .I-J...-I ...-I<: <:
10
-1(em.km )
23
Latitude (oN) 0 30
6~
January 4.6 1.7 0.4
Apri 1 4.6 2.0 0.7
July 4. If 3.6 2.2
October 4.5 3. 4 1.0
. h' 19w~t ~ce •
h d 20me t 0 s •
1962 have been analysed by Gutnick2l,22; he has derived
daylight, this ionisation is important because it
produces free electrons which can reflect radio waves23.
106 cm-3 at around 250 km altitude.
at higher altitudes, and by midnight the maximum
electron concentration is 105 cm-3 at 300 km altitude.
bottom of the E layer, O;-is the main ion; this is
extensive description of processes in the upper
h 1 b d b H· 24atmosp ere las een presente y 1nes .
The atmospheric aerosol is the dispersed solid and
liquid matter which occurs throughout the atmosphere 1D
this definition includes clouds, fog and raindrops,
they are usually regarded as separate aerosols, and the
term "atmospheric aerosol" is applied only to the
smaller particles which produce haze 1n the atmosphere.
For optical purposes it 1S convenient to assume
that all aerosol particles are spherical, then the S1ze
of each particle can be described by its radius
which is expressed in units of 10-6 m (~m). In
remote from localised sources of aeros~l, the particles
form a continuous size distribution from about 0.005 ~m
to 20 ~m. The smallest particles become attached to
each other or to la~ger particles, and thus the minimum
governed by sedimentation; very large particles are
found within the vicinity of their source, because they
can remain airborne for only a short time.
range 1S divided into three regions:
Aitken particles
large particles
giant particles
r < O. 1 ~m
0.1 ~m < r < 1.0 ~m
r > 1.0 ~m
Although these divisions have no fundamental
significance, they provide a convenient way of
referring to groups of particles which produce similar
effects in the atmosphere.
10following discussion is based on the review by Junge ,
26Junge has suggested that the distinction
h f' h" 27t e two components has con 1rmed t 1S V1ew ;
::XTRATERRE STRIAL
DUST
COAGULAT ION AND_
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CONVECTIV
MIXING
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PRECIPITATION
_SCAVENG ING
COAGULATION AND
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solid core with a liquid coating.
There are three maln. sources of continental
aerosol particles:
(a) Condensation and sublimation of materials with
very low vapour pressures; this includes all
smokes produced by heating and combustion.
Most of these particles are formed by industrial
activity, but there are a few natural sources,
e.g. forest fires and volcanoes.
(b) Formation of particles within the atmospher~ by
reactions between gases, e.g. the formation of
conditions gas reactions can form new populations
of aerosol particles as in photochemical smog.
(c) Dispersion of material at the earth's surface
larger particles than (a) and (b), but it will
only be significant in arid regions.
The composition of Aitken particles is uncertain
because they are difficult to collect; some information
has been obtained by analysing large particles from
sources which produce both large and Aitken particles.
The major sources of Aitken particles are the highly
populated areas with much industry; thus the
concentration of Aitken particles may be used as a
supported by the following figures, which show the
number of Aitken particles in 1 cm3 of air in different
environments28.
Oceanic and Polar
Rural
Suburban
Urban and Industrial
1000 - 5000
5000 - 50000
> 50000
The composition of large and giant particles 1S
more complex. Each particle contains varying
proportions of soluble and insoluble substances; this
mixture can be explained by the following processes:
(a) Coagulation with other particles of
different origin.
(b) Modification of particle composition in
water clouds due to repeated cycles of
condensation and evaporation of cloud
droplets.
(c) Formation of compounds by gas reactions
occurring on the surface of the
particle, e.g. formation of (NH4)2S04
from NH3 and S02.
The following table shows the composition of particles
at a rural site on the east coast of North America,
near Boston; the figures are the average of
measurements made during a period of two weeks.
Concentration
Species Large particles
_.~~
Cl- 0.02
Na + 0.10
SO 2- 3.04
NH+ 0.74
NO- 0.053
(~g per m3 of air)
+less NH4 ' but rather more Cl .
Cl content of giant particles increased with the
29atmospheric aerosol was given by Peterson ,who
they are quickly modified by reactions with other
30 . . d hMeszaros 1nvest1gate t e
Rainout - the incorporation of particles into cloud
droplets inside the cloud.
Washout - the removal of particles by falling
precipitation below the cloud.
There are three ways in which a particle may become
incorporated into a cloud droplet:
(a) inclusion as a condensation nucleus.
(b) attachment to cloud droplets by Brownian motion.
(c) attachment by the Facy effect - particles
suspended in a mixture of water vapour and air
will move along the vapour pressure gradient
because of the force exerted on them by the
less effective than (b).
The condensation process (a) is the most efficient for
the removal of aerosol mass because it affects the large
when rain drops pick up aerosol particles after leaving
the cloud; this affects giant particles, and is only
important when most of the aerosol is below the cloud
base. The rate of "wet" removal depends on the rate of
rainfall and the water content of the clouds. Rodhe3l
investigated the precipitation scavenging ("wet"
removal) processes, and taking into account the
distribution of wet and dry periods throughout the year,
he estimated that the lifetime of aerosol particles
would be 100 - 300 hours 1n the summer, and 35 - 80
hours during the winter.
the past twenty years; the'present state of knowledge
h b . d . 32 ~3 3 ~34 d'as een summar~se ~n recent rev~ews an ~s
2- .(504 ); ~t was
+concentration of NH, that would be required if all the
'i
Concentration (pg 3 of air)per m
S02- + Theoretical4 NH4
0.20 0.0033 0.075
0.10 0.0025 0.038
0.10 0.0000 0.038
0.028 0.0027 0.010
Clearly there is insufficient NH~ to account for all
the sulphate if it exists only as (NH4)2S04. There 1.S
35sulphate
-3concentrations of 0.1 - 0.3 pg.m , while others have not
36Recent measurements have
indicated that this constant value may be approximately
10 particles per cm3, which is an order of magnitude
particles of intermediate size (0.1 < r < 2 ~m); their
concentration reaches a maximum of about 0.1 cm-3 at
(c) Reactions involving hydrous ions, e.g.
(H30) +.n (H20); these ions act as primary nuclei
troposphere into the stratosphere by violent natural
37 . 1 "1 h d d bevents ; part~c es s~m~ ar to t ose pro uce y
1· d 38a t~tu e .
of a nucleus coated with frozen water vapour; the
nuclei were certainly of extraterrestrial origin
because they contained unusual proportions of elements
suggested that some of the nuclei had originated in the
sun, and might, therefore, carry an electlie charge;
this could explain the seasonal variation in the
occurrence of noctilucent clouds which would be
influenced by the orientation of the earth's magnetic
axis to the sun.
The only processes by which particles are removed
from the stratosphere are coagulation, diffusion and
sedimentation; consequently, the particles have very
long residence times and may remain in the stratosphere
for many years.
One of the important physical characteristics of
an aerosol is the particle size distribution (SD),
which indicates the number of particles lying within
any particular size range; it is most easily
represented by a histogram which shows the
concentration of particles as a function of their size
(radius).
The SD can be measured directly by collecting all
of the particles from a known volume of the aerosol and
counting .the number of Rarticles in each of several
small size intervals, covering the whole Slze range; a
histogram can he constructed from this data. The SD
may also be found by indirect methods which depend on
3represents the number of particles (in 1 cm
The Undersize distribution, N (r), whichu
dN (r) /d(log r),u
and largest particles in the aerosol be rl and r2,
respectively, and let N be the total number ofo
particles in 1 cm3 of the aerosol; then the concentration
N (r+dr) - N (r) = dN (r)
u u u
N = r n(r) .dr0 rl
= Nu(r2) - Nu(rl)
= N(rl) - N(r2)
dN (r)/d(log r) :: r.n(r).ln(lO)
u
The modified gamma distribution is defined by
n(r) = arbexp(-crd)
By choosing different values for the constants a, b, c
d d . d· . 39 ..an , De~rmen J~an has used th~s funct~on to
dN (r) /d(log r) = Ar-P
u
n(r) = Ar-(p+l) /In(lO)
40of P varies from place to place; Noll measured the
SD in Seattle (USA) and obtained p = 2.7.
41Ward used an indirect method; he chose an
vN(r) = N /0 + (r/u) )o
aerosol particles, and obtained the following values:
N = 104, u = 0.05, v = 3.5o
62·05n(r) = 4.9757 x 10 r exp(-15.ll86 r . )

3than 0.01 ~m, per cm .
30Meszaros has recently (1971/2) measured the SD
is also shown in fig. 8; it is defined by
n(r) = 5.3333 x 104 r exp(-8.9443 rO.S)
All of the curves in fig. 8 have been norma1ised to a
concentration of 38 particles with r > 0.03 ~m per cm3
4.2.4 The Stratospheric Aerosol
Junge42 collected stratospheric aerosol particles
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smaller particles (r < 0.1 ~m) than at 20 km.
Rosen34 has reviewed many of the measurements
direct and indirect techniques; recent measurements
(e.g. Cunnold43) continue to confirm the earlier
n(r) = 4.0000 x 105 r2exp(-20.0000 r)
3particles with r > 0.03 ~m, per cm of aerosol.
34 44 45by Rosen , Rozenberg and Zuev .

The distributions of Aitken particles and large
. 42 46part~cles were measured by Junge and Chagnon using
-3concentrations in excess of 500 em , thus the part of
Particle Concentration (cm-3)
zenith originates from correspondingly higher
Volz47 derived profiles of the aerosol up
to 65 km altitude using this method.
48approach was adopted by Green .
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may be obtained from the data recorded by a
meteorological radiosonde balloon50
51been described by Cooney ; he used a laser with
50counter, Northam has shown t1:;J':, where a comparison
52 53 30Porch , Megaw and Meszaros have
-3300 - 450 cm in the southern oceans, and
200 - 2000 cm-3 in the mid-Atlantic ocean and
54atmosphere have been reviewed by Lamb .
effects of minor eruptions, like that of Mt. Agung (on
Volz55
Mt. Agung was shown in the results obtained by
56Elterman ; the profiles measured at various times
--_ ..-_.
Period Mean Optical Thickness
Feb 63 - Mar 63 0.018
Apr 63 - June 63 0.031
July 63 - Mar 64 0.031
Apr 64 - Nov 64 0.023
Dec 64 - Apr 65 0.024
Sept 65 - Jan 66 0.022
Oct 70 - Nov 70 0.020
These figures suggest that, by 1970, the effect of
Mt. Agung had disappeared and the aerosol content of
the stratosphere had returned to normal.
4.4.3 Extraterrestrial Dust
Although very little quantitative information is
available, it is known that a significant amount of
zodiacal cloud; the remaining 1% consists of debris
from meteors which have burned up in the atmosphere.
There are twenty major meteor showers which occur
not of equal intensity, and the intensity of any
particuiar shower may vary markedly from year to year.
It has been estimated34 that~ when a shower reaches
its maximum, the dust load in the upper atmosphere may
57Fehrenbach measured the
meteor dust in the atmosphere has also been observed;
Hiron058 detected the descent of dust from about 27 km
59from Japan indicated that the
tropospheric aerosol was shown in the results of 1idar
measurements made by Gamb1ing60 in Australia. He
· 61. . dKnestrlck lnvestlgate
(USA). The attenuation coefficient (at 0.56 ~m
-1wavelength) had a constant value of 0.08 km when the
RH was below 70%; at 90% RH the attenuation
coefficient was 0.3 km-l, and it increased very
rapidly as the RH approached 100%. These results are
in good agreement with calculations by Barnhardt62 and
Hane163, and they also confirm Junge's estimate that
particles while they are still in the atmosphere.
Fischer64 collected samples of aerosol at several
,--_ .._-' .... ~._--r---~'
Location Haritime Hountain Urban
- - -
Density -3 2.4 1.8 2.7(g.cm )
A (11m) nl
0.4 0.003 0.005 0.03
0.5 0.002 0.005 0.04
0.6 0.002 0.005 0.04
0.7 0.002 0.007 0.04
0.8 0.004 0.010 0.05
Ne,olYork City65
The following values are typical of atmospheric dust in
desert areas66;
. 41 67refractive index obtained by optical techn~ques are '
It is evident that the refractive index of
aerosol particles depends on their chemical and
physical composition; there are significant
differences between the values of n' in rural and
can be seen from the following list of substances
which have been found in aerosol particles.
Substance n
NaCl (sea-salt) 1. 54
Si02 (quartz) 1. 49
(NH4)2S04 1. 52
NH4N03 1. 60
The refractive index of liquid water is68
0.3
1. 33
0.4
1. 34
0.5
1. 34
0.6
1. 33
0.7
1. 33
0.8
1. 33
The refractive index will be affected by changes
1n the relative humidity; this can be illustrated by
humidity, a particle of maritime aerosol might be
solid NaC1; as the relative humidity increases, the
particle will become "wetter" and at 100% relative
humidity it will consist of a very dilute solution of
wavelength region (0.7 ~m < A < 1 cm) contains
absorpti~n hands which consist of discrete spectral
publication can be expected to cover the whole subject
69area adequately; however, the book by Goody contains
lines ·and bands which absorb a relatively
insignificant amount of radiation and produce excited
and their effect on solar radiation are shown in
fig. 13 (from Friedman 70; reproduced by permission of
the Academic Press)
5.1.1 Nitrogen
The absorption spectrum of nitrogen molecules
consists of a series of weak bands starting at 145 nm
wavelength and an ionisation continuum below 80 nm. A
dissociation continuum has not been found, but the
molecules are dissociated by the absqrption of
radiation 1n bands below 127 nm wavelength, which
very little energy' 1S absorbed, this process is
important as a source of nitrogen atoms at relatively
Nitrogen atoms are ionised by the absorption of
radiation below 85 nm wavelength.
5.1.2 Oxygen
below 242 nm wavelength, the bands merge into a
dissociation continuum where the oxygen molecule 1S
dissociated into two oxygen atoms which are both 1n
the 3p (ground) state. The Herzberg absorption
coefficients are very small, and the system is more
important for the production of oxygen atoms than for
, O2,..., \
\ ~l~V\.s~'-' 100<lJ
'"d ~IU~ \,;:l+.J.~
+.J \.--l
\< 0350 ,
\
3oxygen atom in the P state and the other In the
1metastable D state.
around 255 nrn, the absorption is so strong that only
10-4°% of the solar radiation is transmitted from the
· 71 d d 1 f 16 k h h hCurc~o recor e tle spectrum 0 a m pat t roug
°3 °2 H2O °2
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543.7 nm
571. 6 nrn
591.7 nm
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631.6 nm
651.5 nm
572.2. nm
592.4 Dm
Goody
698.4 nm
703.2 nm
72 3. 0 nm
72 3. 2 nm
732.5 nm
796.0 nm
5.2.2 Oxygen
The great abundance of oxygen in the atmosphere
results in strong absorptions in the "red atmospheric
bands"; the positions and relative strengths (strong,
medium or weak) of the bands are shown below.
Goody
5 38. 4 nm
579.6 nm
628.8 nm
637.9 nm
688.4 nm
697.0 nm
762. 1 nm
771. 0 nm
By contrast with oxygen and water vapour,
absorption by ozone has been thoroughly investigated
because it ~s responsible for the sharp cut-off of
14coefficients have been measured independently by Inn
d V· 72an 19roux
T (K) 181 214 243 323
A (nm) k(T)/k(291 K)
300.4 0.90 0.91 0.95
310.0 0.88 0.88 0.92
320.0 0.91 0.86 0.90 1.08
329.9 0.50 0.57 0.69 1.32
340.1 0.89 0.86 0.89 1.14
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A bibliography of the spectra of the minor gases has
been compiled by Laulainen74.
-4as A , 1.e. short wavelengths (blue) are scattered
propagation of the incident light; the scatterd
intensity varies as A-I and the light is,
incident beam is expressed by the irradiance I .o
-2(units - W.m ); thus, if the light falls normally on
plane is I .s.
o
light forms a spheri~al wave with intensity i(0,¢)
-1(units - W.sr ); at point P, which has polar
r r f
I o
(Incident
radiation)
I
" I"
" I, I
" " I
"~
I (scattered
radiation)
J41To i (8, ¢) • duJ
J21T J1To 0 i(8,¢).sin8.d8.d¢ I .Cscao
particle is defined as I .Cabs, and the total energyo
removed from the beam is I .Cext where Cabs and Cexto
c(8,¢) = i(8,¢)/I o
direction (8,¢) is I .c(8,¢).o
F(8,¢) = i(8,¢)/(I .Csca)o
the wave has components II and 12 parallel to axes 1
and 2, respectively; in general, there will be a phase
I = 11 + 12
Q = II - 12
· . , .. • • (2la)
'" .... . . (2lb)
· , ... (2lc)
·...... (2ld)
1
U 2(Il.I2)2cos£
V - -') (I T)! .- z. 1'-2 s~n£
I is the irradiance of the wave as defined in
from one another by the values of Q, U and V.
(a) Linear polarisation: U + ! V o.2(11.12) , =
(b) Circular polarisation: Q = U = 0, V = + I.-
(c) Elliptical polarisation: all other values of
intensity is a time-average of 1014 115 '11'o osc~ at~ons
per second. If (I.,Q.,U.,V.) are~ ~ ~ ~
f h .th .parameters 0 t e ~ wave ~n an
1= LI., Q = LQ., U = LU., V = LV.~ ~ ~ ~
by measuring 11, 12 and E, i,e. the irradiances in two
perpendicular directions in the transverse plane, and
beam may be d~fined by
D = (Q2 + U2 + V2)!/I
beam (1,Q,U,V) can be represented as the sum
of a fully polarised beam «Q2 + U2 + V2)!,Q,U,V)
2 2 2!(I - (Q + U + V ) ,0,0,0).
II all a12 a13 a14 I01
12 a2l a22 a23 a24 I02= (25)
U a31 a32 a33 a34 U0
v a4l a42 a43 a44 V 0
or, symbolically, I = A.I ....... (26)- -0
where I and I represent the scattered and incident
- -0
Incident IoLight
a .. ,
q
shown earlier) which are functions of both 8 and ¢;
modified Stokes parameters (Il,I2,U,V) will be used
·instead of (I,Q,U,V).
presented here follows the approach adopted by
D· d' . 39e~rmen J~an .
and the Scattering matrix for such a particle is
1 0 0 0
k4 0
2 02 cas 0 0a ......... (28)
R2 0 0 cos0 0
0 0 0
A beam of unpolarised light with irradiance Io
01 ,~I ,0,0); when thiso 0
4 2 2 2I = II + 12 = k a .~Io.(l + cas 0)/R
Csca l.k4•a2 J:n 1: (1 + cos28).sin8.d8.d¢
4 2 4 6 2 2
= _81Tk a = _81Tk r (n - 1)_______ , •••••• t.
3 3 n2 + 2
2F(0) = 3(1 + cos 0)/161T
that the scattered intensity and scattering cross
section are proportional to A-4, and that when 8 = 900,
I ~ 0 and the scattered light is linearly polarised2
particles with isotropic polarisability; if there are
N particles per m3, and the apparent refractive index
112 - 1
112 + 2
Thus equation (31) may
3 2 2
Csca = :::2 C2 : ;) 8n3 (1l2 _ 1)23N2;..4
where the approximation 112 + 2 = 3 has been introduced
222 2 224I = !I .n (ll - 1) (l + cos 8)/R N ;..
o
all = 3A + 2B • • • ~ III , III , (36a)
a12 = A - B 411• , III III It It" , (36b)
a21 = A - B • ~ • • III , •• (36c)
2
= A - B + (2A + 3B)cos 8 (36d)
(36e)
irradiance I , the scattered irradiances are:o
(37a)
(37b)
0, because U = V = 0)o 0
900 the scattered light ~s no longer linearly
(]J2 - 1)2.(4 + 2p).P(cos8)
2(l + P + (l-p)cos 8)
I Csca . P (cos8)o
41TR2
measurements of II and 12~ using equation (38); a recent
accepted value for a~r is p = 0.035. The phase
P(cos0) = 0,7629(1 + 0.932cosZ0)
A variety of calculations concerned with Rayleigh
. 1 b f d b P • £77scatter~ng lave cen per orme y ennGor )
-4exactly A ,
75Van de Hulst ,
The Scattering matrix is
Sl' Sl* 0 0 0
1 0 8Z' S2* 0 0
(4L~)
k2R2 0 0 Re(Sl,82*) -Im(Sl'SZ*)
0 0 Im(Sl,S2*) Re(81,S2*)
81 and S2 are complex numbers which are defined by:
00 . 2n+l (a TI + b T )
81 E
n n n n=
n=l n (n+l)
00 2n+1 (a T + b TI )
82 E
n n n n=
n=1 n(n+l)
6•.....
N
S
0 4
CV)
I
0
r-I
'-'
co 2u
!Il
U
0.12•.....
<D
!Il
0
U
'-'
&:4 0.10
where.rr and T are functions of the scattering anglen n
a and b are functions of the refractive
n n
incident light with irradiance I ,o
81·81*·!IO/k2R2
82.82*, ~Io/k2R2
v = 0, because U = V = 0)
o 0
)..2
00
Cext E (2n+1) .Re (a + b )
2rr . n nn=l
)..2
00
Csca = E (2n+l) (a .a * + b •b *)
2rr n n n nn=l
75Hulst )
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the Hie theory for r « \.
(b) Intermediate size: 10-1.2 < r < 10°·8 vm
more clearly in the upper curve of fig. 25;
for A =. 550 nm, the range 10-1.2 < r < 10°.8 lJ.m
2particle; for a sphere G = TIr , and Qsca is a
I'd
()
tIl 2
0'
when m = 1.50.
(c) Large particles: r > 100.8 ~m (r > 6.3 ~m).
2to r ;
mentioned in (b), where Qsca = 2 and
Csca = 2G = 2nr2.
78example, Dave compared the exact and
produced features which could not be
explained in terms of geometrical and
physical optics.
The scattering of light in a medium containing
many particles is described by the theory of Radiative
Transfer, which enables the radiation field to be
of the Radiative Transfer theory was published by
Chandrasekhar76 in 1950; since then, many diffe-rent
methods have been evolved for solving the Radiative
in this thesis represent a very much simplified
treatment of the exact theory; they are based on the
assumptions of single and independent scattering.
Independent scattering means that there is no
systematic relation between the phases of waves
scattered by different particles; thus the intensities
of the waves may be added without regard to their
that the distance between any two particles should not
be less than three times their radius; this condition
is satisfied even in dense fog, and so it may be
assumed that independent scattering occurs when light
propagates through the atmosphere.
Single scattering occurs when light passes
directly from its source to the particle, and then the
scattered light passes directly from the particle to a
rece1ver, without being scattered by a second particle;
for example, the intensity of light scattered by N
identical particles would be equal to N times the
intensity scattered by one of the particles.
Van de Hulst has suggested that the presence of single
or multiple scattering can be inferred from the optical
density (thickness) of the medium; assuming that the
intensity of a beam of light is reduced to e-t of its
initial value as a result of scattering, then if
t < 0.1 Single scattering is present.
0.1 < t < 0.3 A correction for double scattering may
be necessary.
t > 0.3 Multiple scattering is present.
The transmission of light from the top to the bottom
of the atmosphere involves some multiple scattering.
A third approximation has to be introduced; the
scattering particle at point 0 in figs. 16 and 17 is
replaced by a small spherical volume element
containing spherical particles which are in random
motion during the time interval required for an
observation. The volume must be large enough to
contain a perfect sample of all the particles in the
medium of which it is an element; it must be so small
that each particle receives the same incident light,
unaffected by the presence of the other particles.
The particles must be sufficiently far apart that only
single scattering occurs within the volume element;
the whole element must be homogeneous and exhibit
spherical symmetry.
3gas molecules per m .
symbol CR; thus CR is identical to Csca in equation
Note that CR is a function of the wavelength, ~.
When a beam of unpolarised light, with irradiance
I , passes through a length L of this medium, it willo
where bR = N,CR ~s the Rayleigh scattering attenuation
coefficient per metre.
light scattered by one molecule was given in equation
(42); the irradiance scattered by 1 m3 of air will be
the size distribution function n(r), where, by
definition, the number of particles in 1 cm3 of
~n the aerosol are rl and rZ' respectively.
that particle; thus the contribution to bA from particles
db = Cext.n(r).drA
bA is obtained by integrating expression (54) over all
IrzCext.n(r).drrl
The angular distribution of scattered light is calculated
of radius r is shown in equation (47), so the irradiance
scattered by 1 m3 of the aerosol ~s
A constant numerical factor will be required ~n
equations (55) and (56) to convert the units into m-l
-3 -1 .and m .sr , respect~vely.
, d" 39 1 h '1 d 1 b fDe1rmen J1an ; Ie as comp1 e a arge num er 0
particles can be regarded as homogeneous spheres.
This assumption is justified by the work of Holland79
with irradiance I , is transmitted horizontallyo
31 m volume of the atmosphere depends on the
(!I ,II ,0,0) is incident upon a mixture of 81ro 0
the scattered light (11(8),12(8),0,0) is partially
oexcept in the forward (8 ~ 0 ) and backward
necessary to evaluate the functions Sl(m,x,G),
52(m,x,G), Cext(m,x,~) and Csca(m,x,~); these functions
were defined ~n section 6.4, as follows:
00
51 l:
2n+1 (a 1T + b T )= n(n+1) n n n n ......... (45a)n=l
00
52 l:
2n+1 (a '[ + bIT) ......... (45b)= n n n n
n=l n(n+1)
~2 00
- l: (2n+l).Re(a + b )2IT n nn=l
~2 00
l: (2n+1) (a .a * + b .b *)
2IT n=l n n n n
thus
Cext = (~2 /2IT).Pext
Csca = (~2 /2IT).Psca
(59)
(60)
2= Cext/ITr
= Csca/ITr2
= (2/x2).Pext
( 2 / x 2) • P s ca
(61)
(62)
method of first calculating Qext and Qsca and then
multiplying by ITr2.
7.1 EVALUATION OF a (m,x), b (m,x), IT (8), T (8)---·------··--n----n------n----n-
7.1.1 a (m,x) and b (m,x)
--n n·---
a (m,x)n
b (m,x)
n
(mAn(Y) +
( mAn (y)
i) .Re(wn(x» -Re(wn_1(x»
+ ~) .w (x) - w l(X)x n n-
The functions w (x) and A (y), which are defined
n n
(2n-l)w (x) = ----.w lex) - w 2(x)n x n- n-
W_l(X) = cos(x) - isin(x)
WO(x) = sin(x) + icos(x)
should be noted that w (x) is always complex, even
n
A (y) is generated ~n a similar way;
n
A (y) =
n
1
ny - An-l(y)
The recurrence starts with AO(Y) = cot(y)
The functions A (y) are complexihen y is complex, and
n
81Kattawar has shown that this
difficulty does not arise when A (y) is calculated by
n
is used in reverse to obtain A ley)n-
from A (y).n
A (y) by upward recurrence when m is real, and by
n
The point at which A (y) becomes unstable depends
n
it was evident that the calculation of An(y) by
7.1.2 The angular functions TI (0) and T (0)----·------------n-----n-
TI (0) = (TI 1.(2n-l).cos0 - l1.TI 2)/(n-l)n n- n-
T (0)
n
82Evans has shown that Tn can be calculated
equally accurate. The initial values of TIn and Tn are
derived from the Legendre Polynomials:
TIO(0) = 0,
TO(0) = 0,
TI
1
(0)=1
T1 (0) = cos0
TI (1800 - 0) = (_l)n-l.TI (0) ·.... (73a)n n
T (1800 8) n . (73b)- - (-1) .T (8) ·....n n
TI (0) = T (0) = ~n(n+l) · ..... (74 )n n
programs were initially written in FORTRAN IV; some of
83them were later written in the ALGOL 68 language ,
Pext and Psca are evaluated by calculating aJm,x)
and b (m,x), and forming the infinite series inn
. d' . 84De~rmen J~an
(a.a * + b.b *)/n < 10-14n n n n '
Increase n by 1
Calculate w 2(x), wn_l(x), \oJ (x)n- n
Calculate An-l (y) , A (y)n
Calculate a (m,x), b (m,x)n n
dd (2n+l).Re(a + b ) to Pext
n n
dd (2n +1) (a .a .* + b .b *) toP scan n n n
-14 TRUE
(a.a *+b.b *)/n < 10n n n n
x HIEFl Ref. 85
o.
20 2.14011 2.140
40 1.98764 1.988
60 1.99794 1.998
80 2.04727 2.047
100 2.10109 2.101
200 2.05556 2.056
400 2.03085 2.031
7.2.2 Calculation of Sl (m~x~0) and S2(m~x,0)
The angular distribution of the light scattered by
evaluating the functions Sl(m,x,0) and S2(m,x,G) for
many different values of 0, while m, x and A are
the terms a (m,x) and b (m,x) are evaluated and stored
n n
functions TI (0) and T (0) are generated from equations
n n
combined with a (m~x) and b (m,x)
n n
to form Sl(m,x,O) and S2(m,x,0); this happens for each
value of 0.
2nrn .
is represented by n(r), which is defined so
that 1 crn3 of the aerosol contains n(r).dr
are represented by rl and r2, respectively.
I 2 - 12 -1(e) Sl(m,x,G)1 and ISz(m,x,G) have units of sr •
2dExt = Cext.n(r) .dr = (A /2n) .Pext.n(r) .dr
2 -3 -1. 2-3nm .cm , which can be converted to m (1.e. m.m )
by multiplying by 10-12.
-12 2 fr 2Ext = 10 .~ Pext(m,x) .n(r) .dr
2n r1
Ext = 10-12.>-.2
2n
x .
S 2pext(m,x) .n(x/lOOOk)xl dx1000k
f
X2
Pext(m,x) .n(x/lOOOk) .dx
xl
2 3in m per m of
(x1,x2); a numerical integration is then performed
If required, the range (x1,x2)
Some values calculated by program EXTSCAF are
compared with figures published by Deirmendjian39 in
il (8) 0 0 0
0 i2(8) 0 .0 (80)
0 0 ~3(8) -i4(8)
0 0 i4 (8) i3(O)
Each of these quantities i.(8) 1S the weighted sum of
J
the corresponding element for a single particle. Thus,
JX
2 I Sl(8)12.n(x/lOOOk).dx ...
xl
2 -1 3in units of m .sr per m of aerosol. There are
J x2 I S2(8)12.n(x/lOOOk).dX ... (82)xl
i (8)
3
. •......•.
Source Ext Sea/Ext
Table T16* 0.04797 1.0
EXTSCAF 0.04797 1.0
Table T17* 0.03953 1.0
EXTSCAF 0.03952 1.0
Table T20* 0.01571 0.2359
EXTSCAF 0.01570 0.2358
Table T27* 0.02014 1.0
EXTSCAF 0.02015 1.0
Table T28* 0.009888 1.0
EXTSCAF 0.009890 1.0
Table T31* 0.003897 0.08142
EXTSCAF 0.003897 0.08142
Table T33* 0.0001142 0.1677
I EXTSCAF 0.0001142 0.1677
Im(Sl,SZiC) ,n(x/1000k) ,dx •• (83b)
-"- .,
0 Source i1(O)/Sca i2(8)/Sca
~.,."..
0 Tab 1.eT27* 1.666 1.666
HATRIXLA 1.666 1.666
60 Table T27* 0.03852 0.03398
MATRIXLA 0.03853 0.03398
120 Table T27* 0.007129 0.004193
MATRIXLA 0.007127 0.004193
180 Table T27 -k 0.0.09367 0.009367
HATRIXLA 0.009369 0.009369
0 Table T28* 0.9544 0.9544
MATRIXLA 0.9544 0.9544
60 Table T28* 0.07092 0.04452
HATRIXLA 0.07093 0.04453
120 Table T28* 0.01021 0.004017
MATRIXLA 0.01020 0.001.019
180 Table T28* 0.01095 0.01095
MATRIXLA 0.01096 0.01096
The optical properties of the atmosphere are
extremely variable; the variations are due mainly to
changes in the size and concentration of cloud, fog and
mist droplets, and aerosol particles. There are many
variable atmospheric factors which may affect the
spectrum of daylight, but any attempt to include all of
these factors in a theoretical study would involve very
complex calculations; the fundamental results of such
calculations would then be lost amidst the plethora of
details. Consequently, it is necessary to construct a
simple model which incorporates only the relevant
features of the atmosphere. Such a model was compiled
for use in the calculations of section 9, and it is
de fine d be low.
8.1 GENERAL FEATURES
The model atmosphere is cloudless and dry, and it
contains· only air molecules, aerosol particles and
divided into plane parallel layers each of wi,ich is
homogeneous and is characterised by the optical
properties at its mid-point; the altitude of the mid-
point (h) and the thickness (dh) of each layer are
- 8.5) will be referred to as the "standard" model; the
variations in the aerosol content and the amount of
ozone which are introduced in. section 9 are regarded as
deviations from this standard.
h (km) dh (km) N(h) (m-3)
0.5 1.0 2.4721 +25
1.5 1.0 2.2001 +25
2.5 1.0 1.9898 +25
3.5 1.0 1.7953 +25
4.5 1.0 1.6157 +25
5.5 1.0 1.4502 +25
6.5 1.0 1.2981 +25
7.5 1.0 1.1586 +25
8.5 1.0 1.0308 +25
9.5 1.0 9.1419 +24
11.0 2.0 7.5853 +24
13.0 2.0 5.5433 +24
15.0 2.0 4.0495 +24
17.0 2.0 2.9589 +24
19.0 2.0 2.1624 +24
21.0 2.0 1.5743 +24
23.0 2.0 1.1437 +24
25.0 2.0 8.3346 +23
27.0 2.0 6.0920 +23
29.0 2.0 4.4660 +23
32.0 4.0 2.8185 +23
36.0 4.0 1.5091 +23
40.0 4.0 8.3082 +22
44.0 4.0 4.6968 +22
48.0 4.0 2.7378 +22
55.0 10.0 1.1660' +22
65.0 10.0 3.4651 +21
75.0 10.0 9.013 +20
85.0 10.0 1.654 +20
95.0 10.0 2.520 +19
16Atmosphere •
6Atmosphere; the values, N(h) are shown in Table 4,
where the notation 2.4721 +25 indicates 2.4721 x 1025.
wavelength, bR(550,h), have been calculated and are
to the total scattering cross section of 1 m3 of air;
altitude h, and CR(A) ~s the scattering cross section
assumed to be identical, and so bR(550,h) is
proportional to N(h).
••. e __•• "->~""--
h (km) bR(550,h) (m-
1) bA(550,h)
( -1),m
0.5 1.1075 -05 1.14 -04
1.5 1.0039 -05 4.98 -05
2.5 9.0796 -06 2.13 -05
3.5 8.1920 -06 9.63 -06
4.5 7.3725 -06 5.84 -06
5.5 6.6173 -06 4.28 -06
6.5 5.9233 -06 3.42 -06
7.5 5.2868 -06 3.34 -06
8.5 4.7036 -06 3.32 -06
9.5 4.1715 -06 3.21 -06
11.0 3.4612 -06 2.97 -06
13.0 2.5294 -06 2.88 -06
15.0 1.8478 -06 2.65 -06
17.0 1.3502. -06 2.49 -06
19.0 9.8671 -07 2.03 -06
21.0 7.1836 -07 1.08 -06
23.0 5.2188 -07 6.22 -07
25.0 3.8031 -07 4.15 -07
27.0 2.7798 -07 2.77 -07
29.0 2.0379 -07 1.63 -07
32.0 1.2861 -07 7.31 -08
36.0 6.8861 -08 2.52 -08
40.0 3.7911 -08 8.66 -09
44.0 2.1432 -08 2.98 -09
48.0 1.2493 -08 1.03 -09
55.0 5.3205 -09
65.0 1.5811 -09
75.0 4.1127 -10
85.0 7.5473 -11
95.0 1.1499 -11
the mid-point of each layer; the values of bA(550,h)
86were derived from the model constructed by Elterman ,
coefficient; bA is already an order of magnitude
smaller than bR at 48 km altitude, and therefore it may
safely be assumed that, above 50 km, the effects of
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If N (h ) and N (h ) are the concent.rations of
o p 0 q
particles 1n layers p and q, then
bA(A,hp) =
bA(A,hq)
N (h )o p
N (h )o q
J
rz
Cext(m,x).n(r).dr
r1
With this equation, bA(A) can be evaluated at a number
least 0.1% in the calculated values of bA(A).
coefficients with measured values of bA(A), it 1S
possible to select ~·he combination of m and n(r) which
figs. 28 - 30; the measured values (~urve BKE) were
compiled by E1terman86 from the measurements reported
87 . 61by Baum and Knestr1ck •
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bA(A) ~urves have been omitted because they are
similar to the CLEAN curve.
8.5.3 Junge Continental Size Distribution
The Junge Power Law size distribution n(r) = Ar-4
n(r) = (A/r)/«r/a)-3 + (r/a)3 + b-3 + b3)
2.5
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where b = 2.6458 and a = 0.026458.
This function represents the Junge distribution well
for 0.005 < r < 16 ~m.
The EKE attenuation coefficients are compared
with the Junge CLEAN curve in fig. 30; all of the
Junge curves have a similar shape, but tlte CLEAN curve
most closely resembles EKE.
It is evident that, of the size distribution
functions and refractive indexes which have been
examined, the Junge Continental CLEAN curve most
closely matches the measured EKE curve; it is,
therefore, this combination of m and n(r) which is'
used in the model atmosphere and the theoretical
studies in section 9.
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= H (~).exp(-md(~»o
is the extraterrestrial solar spectral irradiance.
this case only ozone (dO)' scattering by air molecules
(dR), and scattering by aerosol particles (dA).
The dO(A) values were calculated for a 0.347 cm thick
14by Inn

dR(550)
3 0
E bR(550,h.).dh:j=l J J
25
d (550) = E bA(550,h.).dh.A j=:l J J
bR(A,h)
bR(550,h)
dR(550)
bA(A,h)
bA(550,h)
The values of dO(A), dR(A), and dA(A) were calculated at
the wavelengths A = 300 (10) 800 nm; the magnitudes of
dA(550)
The irradiance ID depends on the total amount of
absorbing and scattering material in the path of the

I 'D
rearranging the result, the fractional increase in In
daylight, or global radiation, (IG) is the sum of the
direct sunlight (In) and the skylight (IS). The ratio
the air mass and wavelength. The variation of ID/IG as
fig. 33; these curves are based upon irradiances
measured by Kok88,89, for a cloudless sky. It is
9.1.1 lD as a function of m
Using the standard model atmospbere, the spn of
various values of m; three of the ID(A) curves, for
m = 1,2, and 3 (z = 00,60°, and 70.50), are shown in
fig. 34. At every wavelength, ID decreases as the length
of the atmospheric path traversed by sunlight (m)
0.8 ,.
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in ID is greater at shorter \-layelengths because d(A) is
the min~mum wavelength (A . ) wasm~n
The variation of A asmin
34; A. increasesm~n
of A. which would be measured by equipment which ism~n .
-2 -1unable to detect irradiances less than (a) 0.005 W.m .nm,
-2 -1 .and (b) 0.05 W.m .nm ; these figures are based on the
Am~n
m (a) (b)
1.0 310 310
1.5 310 320
2.0 310 330
2.5 320 340
3.0 320 350
3.5 330 370
Similar results were obtained by Garadzha90 while
calculated spectra of fig. 34. The m = 1 SPD curves from
88(measured ) are
measured values of ID are larger than the cal~u1ated
r ID(300 ~
r ID(300 ~ A < 700)
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9.1.2 The effect of the Atmospheric Aerosol on ID
The SPD of direct sunlight was calcu1atedusing the
effects of aerosol contents (fA) varying from no
aerosol (fA = 0, - pure molecular atmosphere) to 1.2
times the aerosol content of the standard model
atmos~here (fA = 1.2) were investigated.
~ncrease in ID. The fractional increase (6ID/ID) ~s
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greatest at the shorterwavelengthst where dA(~) 1S
in ID due to small (5%t 10%) and large (50%, 100%)
greatest~ decrease in ID occurs at the shortest
wavelength, and, 1n each c~se, 6ID (%) is less than half
91figures calculated by Shettle ; the data correspond to
6ID (% decrease)
~ Equation (93) Shettle 91
300 33.0 33.7
310 32.4 33.2
320 31. 8 32. 7
330 31. 2 32.2
340 30.7 31. 8
in dA (A), the fractional decrease in ID will be greater at
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The decrease in In due to an increase
in the atmospheric aerosol, for m = 1
atmosphere with (fA = 1) and without (fA = 0) aerosol.
The UV Ratio decreases as the aerosol content
o ~ fA ~ 1.2, the UV Ratio could be expressed as a
quadratic function of fA; e.g. for m = 1,
UV Ratio = 0.000278fA
2 - 0.00830fA + 0.09504
UV Ratio = 0.000792fA
2 - 0.01121fA + 0.06249
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irradi~nce of direct sunlight 1S controlled mainly by
the solar zenith angle and the amount of ozone in the
atmosphere.
The ozone content of the standard model atmosphere
1S 0.347 cm at STP; this is the figure which is used in
the US Standard Atmosphere. This value is higher than
that quoted by other authors for midlatitude conditions;
however, the ozone content of the atmosphere varies so
widely from place to place and from season to season
that these differences are not significant, although
they will produce discrepancies in the calculations.
There 1S now some doubt as to whether the ozone
layer will be seriously depleted by man's activities;
however, at the height of this controversy, it was
suggested that there might be a reduction of about 10%
1n the thickness of "the ozone layer (natural variations
in the ozone layer are of similar magnitude). Ihe
effects of 0 - 20% reductions in the ozone content on
various wavelengths of ultraviolet radiation are shown
in fig. 43. The increases in the irradiance (ID) are
expressed in terms of a Factor Increase (FI), which is
defined as
ID(reduced ozone content)
ID(standard ozone content)
(cf. equation {93) )
In this case, ~d is negative because it represents a
decrease 1n dO(A). The increases in irradiance are
greatest at the shorter wavelengths, where the ozone
absorption coefficients are largest. The increases
0
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h. 92Cute ~s .
in In will be greater at larger values of m.
93by Bener
In(A) W.m -2 -1.nm
.
91 This Calculation M d93Calculated easure
A
m = 1 m = 1 m = 2 m = 2
,
285 4.652 -11 1.55 -11 7.64 -22
290 9.794 -07 6.46 -07 8.67 -13
295 2.238 -04 1.92 -04 6.34 -08
300 4.499 -03 3.39 -03 2.23 -05
305 2.422 -02 2.10 -02 7.35 -04 6.2 -04
310 6.529 -02 6.03 -02 5.28 -03 3.4 -03
315 1.187 -01 1.20 -01 1.87 -02 1.8 -02
320 1.748 -01 1.78 -01 3.80 -02 2.5 -02
325 2.285 -01 2.50 -01 6.42 -02 5.0 -02
radiation causes erythema (and perhaps skin cancer); the,
effectiveness of different wavelengths for producing
erythema is represented by the Relative Erythemal Factor,
or Erythemal Efficiency, which will be refer~ed to as
wavelength 296.7 nm, and the following table shows the
REFs for other UV wavelengths.
REF REF
285 0.09 310 0.11
290 0.31 315 0.01
295 0.98 320 0.005
300 0.83 325 0.003
305 0.33 330 0.000
'.,-
The total erythemic flux 1S obtained by summ1ng the
values of REF(A) .ID(A) at small intervals of wavelength.
Approximate calculations of the total erythemic
standard model atmosphere, the erythemal flux decreased
by 27% when m increased from 1 to 2. The eff~ct of
reducing the ozone content was also investigated.
% decrease in % increase in
ozone content erythemal flux
5 8
10 18
15 28
20 41
These figures are for m = 1; the increase ln erythemal
flux is expressed as a percentage of the flux f.or the
the increase ln the erythemal flux is much greater than
the decrease lU the ozone content.
9.2 THE SPD OF SKYLIGHT AND GLOBAL RADIATION
The SPD of skylight is calculated from the equation
of Radiative Transfer; many techniques have been used to
solve the equation, but in every case it is necessary to
compromise between the accuracy of the results and the
the single-scattering approximation, is used here; the
object of these calculations is to determine whether
this method can produce meaningful results for a model
atmosphere with both air molecules and aerosol particles.
The calculations were restricted to m = 1 (z = 00)
because the single-scattering approximation is most
accurate for short atmospheric paths, and because the
computations can be performed more quickly for m = 1
than for other values of the air mass; this work lS
primarily concerned with the effects of the atmospheric
aerosol, for which purpose one value of m is quite
adequate. Results for m = 1 are often presented by
other researchers, and so this choice of m will
facilitate comparlsons between the present calculations
and values reported elsewhere.
When unpolarised light, with irradiance I , fallso
I(G).dV = (IR(G) + IA(G».dV
Where FR(G) and FA(G,~) are the normalised phase
functions for molecular and aerosol scattering,
In addition, IA(G)
the atmosphere, between altitudes h. and h. is
. 1 J
d .. (>..)
1.J f
h.
= ,J (bR(A,h) + bA (A,h» .dh
n.1.
where bR and bA are, respectively~ the molecular and
aerosol attenuation coefficients.
I == H .exp(-d )o 0 OT
where dOT is the optical thickness between 0 and the
top of the atmosphere. The irradiance at P, due to dV,
by a factor exp(-dOG.sec0), where dOG is the optical
thickness between 0 and the bottom of the atmosphere.
OP is 1(0) .dv.exp(-dOG.sec0)
and the contribution to the skylight irradiance, on
1(0) .dV.exp(-dOG.sec0) .cos0
Extraterrestrial Solar Radiation (H )o
-I-
I
I
I
I
-I-
I( R
_I-
I
I
I
I
~D
dR
( )
jth layer; its thickness is dh., and point 0 is at the
J
midpoint of the layer, at altitude h .. In three
J
dimensions, this diagram has cylindrical symmetry about
cross section of width dR and thickness dh.; all of
J
these lengths are indicated on fig. 44b, but the s~ze
dV = 27fR.dR.dh.
J
as the independent variable; thus, R = h ..tanG,
J
D = h ..secG, and equations (102) - (104) can be
J
rewritten as follows:
I(y):: exp(-dOG/y).(bR.FR(y) + bA.FA(y)) (106)
Th 1 .b . f h' th 1 .e tota contr~ ut~on to IS rom t e J ayer ~s
The limits of integration are y = 1 (R = 0), and y = Yf
(R = 800 km); the value of 800 km was chosen for the
100 km thick, 800 km radius, cylindrical atmosphere.
The total skylight irradiance is obtained by
evaluating equation (107) for each layer, and then
adding together the contributions from all of the
by introducing a factor exp(-dO)' where dO is the
optical thickness of the ozone layer.
An Algol 68 program was written to perform these
were calculated by adding the contributions from all
of the atmospheric layers between point a and the top
or bottom of the atmosphere (cf. equations (90) and
function was evaluated u~ing the expression
FR(y) = 0.7629(1 + 0.932y2)/4TI .••...... (108)
There is no comparable formula for the normalised
aerosol scattering phase function, and so FA(y,A) was
first calculated from program MATRIXLA, which was
described in section 7; the phase function was
evaluated, with an accuracy better than 1%, at each of
the wavelengths A = 300 (25) 800 nm, for thp angles
o = a (1) 15 (5) 90 (5) 165 (1) 1800
the 150 - 1650 values were interpolated to 10 points,
interpolation was used within the computer program
when values between the 10 points were required. The
integration in equation' (107) was performed by an
Algol 68 library procedure to an accuracy of 0.001%.
vary from 10-0.9 at 8 = 00 and 1800 to 10-1.2 at 8 = 900•
Firstly, it is necessary to investigate the
accuracy of the single-scattering approximation(SSA)
molecular atmosphere are compared, 1n fig. 46, with
h E RT 1 f D· d . . 94t e va ues 0 e1rmen J1an
reaches the ground as skylight (IS/Ho)'
IS at shorter wavelengths; thus, the single-scattering
approximation underestimates the skylight irradiance,
100
'"'.....
I
l-l
CIJ
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'"'CD
'-'< 10-1~
o
::c-tf.l
H
10-2.0
300 500 600
A (nm)
expected to ~ncrease as A decreases, but, ~n fact, it
reaches a maximum around 325 nm wavelength; this further
emphasises the inadequacy of the SSA method in the
ultraviolet region.
In general, the global irradiance (IG = In + IS)
will be more important than the skylight irradiance.
Th~ results of SSA and ERT calculations for IG in the
molecular atmosphere are compared in fig. 47; the
differences between the two curves are much smaller than
for skylight alone, owing to the addition of direct
sunlight (In)' At A = 300 nm SSA is 35% below the ERT
value, but the difference decreases rapidly with
increasing wavelength, and is less than 7% for A > 400 nm.
The influence of the atmospheric aerosol was
investigated by calculating the skylight irradiance for
various aerosol contents (fA)' ranging from fA = 0 (no
aerosol) to fA = 1.2 (1.2 x standard aerosol content).
Initially it was assumed that the changes in aerosol
content occurred throughout the atmosphere; thus the
change from fA = 1.0 to fA = 1.1 would represent a 10%
increase in aerosol ~t all altitudes. Some of the
results are shown in fig. 48. At all wavelengths the
skylight irradiance ~ncreases as the aerosol content
increases; however, each curve exhibi~s a maximum, and
so the IS/Ho values must be considered very unreliable
at wavelengths shorter than the wavelength at which the
thickness of the atmosphere increase, the maxima ~n the
IS/Ho curves move to longer wavelengths; this indicates
that the accuracy of the SSAmethod decreases ::'.S fA increases.
0.6 /
0::c /-t!l
H
0.4
1.2
1.0
10-1.0 0.8
0.6
0.4
0
::r::-Cf.l
H 0.2
10 -1. 5
10-2.0
300
in the aerosol content of the atmosphere (fA).
The fA values are shown at the end of each
95Pl~ss employed a Monte Carlo technique to obtain
following table shows two of his results for IS/Ho.
-----
A fA Plass SSA
400 0.65 0.13 0.17
700 0.53 0.066 0.091
91A different technique was used by Shettle , but
that IS increases as the aerosol content increases.
It is evident that meaningful results can be
change of IS and In; IS increases when the aerosol
contc'lt increases, but In decreases.
content are shown in fig. 50; variations in fA produce
relatively small changes in IC'
that the global irradiance decreases when the aerosol
content increases (i.e. ~IC/~fA < 0 at all wavelengths);
,
of ~IC/~fA is greatest at short wavelengths; thus,
the measurements by Condit96; he found that the global
irradiances In' IS' and IC'
calculated ratios are independent of the absorption
contain the effects of ozone absorption.
Using the ratio In/Ic' the SSA results for fA = 0
and fA = 1 are compared, in fig. 51, with the values
0.6
0
::x=-Co'
H
0.4 I
fA = 0
- - - fA = 10.2
atmosphere with (fA = 1) and without
(fA = 0) aerosol
t:.fA = -20%
t:.fA = +10%_I-I _
t:.fA = +20%- - -
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Variations ~n global radiation (IG/H ) due
. 0
atmosphere. The curves t:.fA = -20%, +10%,
+20% correspond to fA = 0.8, 1.1, 1.2
88measured by Kok .
IS values are too small, thus the ratios In/IG are too
radiation were calculated for fA = 0 and f ~ 1, and are
A
(a) Increase ~n the lower troposphere (0 - 3 km) only.
(b) Increase ~n the lower stratosphere (16 - 22 km) only.
(c) Increase at all altitudes; this has already been
discussed, but ~s included here for comparison with
(a) and (b) .
0.6
0
H-A
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0.4
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fA = 0-._.-
0.2
In/IG: comparison between measured
values (Kok)· and calculated values
with (fA = 1) and without (fA = 0)
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values (Kok) and calculated values with (fA = 1) and
without (fA = 0) aerosol scattering
increased by 10%; a 20% 1ncrease was obtained by
doubling these figures.
The irradiance of direct sunlight depends only on
the total optical thickness of the atmosphele, and so ID
will be constant within each set of cases (a), (b), and
therefore, be different for (a), (b), and (c). The
results of this study are summarised in Table 7, which
shows the decrease in global irradiance (compared with
the value of IG for the standard model atmosphere) due
to 10% and 20% increases in the aerosol content; the
columns headed TROP, THRU, and STRT correspond to cases
In each case an increase in the troposphere (TROP)
produces a larger decrease in IG than does an increase
throughout the atmosphere (THRU). A larger decrease 1n
IG is produced by a 10% increase in the stratosphere
'(STRT) than by a 10% THRU or 10% TROP increase, while a
20% STRT increase produces a smaller decrease in IG than
a 20% THRU increase does. These figures sugg~st that
variations in the stratospheric aerosol can have a more
pronounced effect on global radiation than can the
equivalent variations in other parts of the atmosphere.
These data were obtained fr~m SSA calculations, and
must therefore be interpreted with the utmost caution,
particularly as the differences between the TROP, THRU,
and STRT values are so small; however, the consistency
between the three cases, at both short and long
The decrease in Global Radiation (IG) due to increases of 10% and
20% in the aerosol content of the model atmosphere (see text)
b.IG (% decrease)
b.f = 10% b.f '= 20% I,A A ,A
TROP THRU STRT TROP THRU . STRT
400 1. 51 1. 50 1. 54 3.16 3.14 3.10
500 1.06 1.05 1. 09 2.25 2.24 2.20
600 0.80 0.79 0.82 1. 71 1. 70 1. 67
700 0.63 0.63 0.65 1. 36 1. 35 1. 33
800 0.51 0.51 0.54 1.12 1. 11 1. 09
The extraterrestrial solar radiation (H )o
irradiance Ho.exp(-dO)' where dO is the optical
thickness of the ozone layer.
fractiDn of incident radiationH .exp(-d ).( )
o 0 transmitted to bottom of atmosphere
fraction of incident radiation
H • exp (-d ). ( .)
o 0 scattered to bottom of atmosphere
producing a change ~dO in the optical thickness of the
ozone layer; then it follows from equation (93) that
~In = exp(-AdO) - 1In
i.e. the fractional changes ~n IS and In are identical.
The effects of changes in ozone on ID were described in
section 9.1.3, and it is therefore unnecessary to repeat
the discussion here for IS; the same considerations apply
tot he glob a1 irrad iance .IG •
The validity of this treatment of the atmospheric
ozone can be examined by means· of the ratio Is/ID.
The following table shows values of Is/In' from Shett1e's
~._-------_ .._-----_._------_ ..._.~- -,";
'\
~ ..
0.16 0.24 0.32 G.lfO
300 1.562. 1.455 1.382 1.322
315 1.446 1.416 1.392 1.369
330 1.219 1.215 1.211 1.206
The expreSSLons for IS and In indicate that Is/In does
not depend on dO' and is therefore independent of the
Is/In are not independent of t (see table).
indicates that it is' unsatisfactory to treat the ozone
97 98described by Tarrant '
thwas presented at the 18 Session of the CIE; a copy
97 98elsewhere ' ; the essential features are outlined
and set at 45° to the vertical, facing either due north
longitude 0.470W.
oThe eastern sky was obscured up to 10 above the
'>From these 1 nm values, the chromaticity
coordinates of each SPD were calculated using the 1931
20 erE data (the method of calculation is described 1n
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ribbon lamp; the apparatus was correspondingly less
sensitive at longer wavelengths, and so most of the
1974 spectra are unreliable for A > 700 nm.
A new energy calibration was obtained for the
projector lamp, by comparing it with a recently
calibrated tungsten ribbon lamp; the onlj significant
differences between the new and old calibrations were
~n the UV region, where the old values were too high.
At the time of the 1971 measurements, Tarrant expressed
doubts about the accuracy of the UV energies;
consequently, some of the 1971 SPDs have been
recalculated us~ng the new calibration figures. Note
that the old energies have been used in figs. 54 and
61 - 64; the other 1971 SPDs which are mentioned ~n
the following discussion have been recalculated .
.When attempting to discover how a particular
variable factor (e.g. the solar zenith angle) affects
the SPD of daylight, the main problem is to obtain a
series of spectra ~n which only that particular
variable changes; this ~s difficult because other
independent factors (e.g. cloud) vary at the same time.
Day to day variations ~n the atmosphere can be avoided
by only comparing spectra which have been measured on
the same day.
The theoretical studies in section 9 indicated
that changes in the SPD of direct sunlight were more
directly related to variations in the optical
properties of the atmosphere than were changes in the
spectra were recorded with the receiving screen facing
south ("south-facing" spectra). \~hen the sun is almost
due south, and sunlight from a cloudless sky is falling
upon the screen at near-normal incidence, the SPD of
south-facing daylight will be similar to the SPD of
direct sunlight, especially at the longer wavelengths;
north-facing daylight from a cloudless sky will be
similar to skylight, provided that sunlight is not
the major differences between north-facing and south-
facing SPDs is provided in fig. 54; north-facing
daylight contains more enersy at shorter wavelengths,
and is therefore "bluer" than south-facing daylight.
The analysis can be simplified by using single
parameters to characterise particular regions of the
spectrum; two "uv ratios" were defined to represent the
ultraviolet region.
LD(300 ~ A ~ 399)
LNGUV ......... (112)
2:D(300 ~ A ~ 699)
LD(300 ~ A ~ 329)
SHTUV ......... (113)
LD(300 ~ A ~ 699)
The LNGUV ratio indicates what proportion of the total
daylight radiation (300 ~'A ~ 699 nm) is contained in
the ultraviolet region of the spectrum (A ~ 399 nm); the
SHTUV ratio represents the fraction of biologically
active UV radiation in daylight.
I •..I
,/
o
300
10.2.1 ~olar zenith angle
The solar zenith angle (z) and the relative alr
mass (m = sec(z») were calculated for each daylight
spectrum. The spectra recorded on three days during
the 1974 series of measurements were selected for the
analysis of south-facing daylight. On these days
(14/05/74, 30/05/74, and 04/06/74) conditions were
relatively stable; less than 4/10 of the sky was
covered with thick cloud, but there were variable
cloud distribution were eliminated by considering
only those spectra which were recorded when the area
of the sky around the sun was free from thick cloud
and the sun was shining hrightly (sometimes through
thin cloud) with sunlight falling upon the receiving
The SHTUV and LNGUV ratios are shown as functions
of m in figs. 55 and 56 (the range 1.1 ~ m ~ 1.525
corresponds to 250 ~ z ~ 490); in every case the
proportion of UV radiation decreases as m increases.
The LNGUV ratios may be compared with the calculated
"uv ratio" curve for direct sunlight in fig. 41
(section 9.1.2). The LNGUV ratio includes both
sunlight and skylight, and thus it has a higher value
than the calculated ratio. As m increases, skylight
partially compensates for the reduction in sunlight;
thus, for a given change in m, the (measured) LNGUV
ratio varies less than the calculated ratio does.
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A close examination of figs. 55 and 56 reveals that
the dependence of the SllTUV and LNGUV ratios on m would
fall so closely about a__straight line that, for all
practical purposes, a linear relation between m and the
"best" straight line on each diagram, the measured data
can be reproduced to within ±2%. It should be noted
that this linear relation is applicable only to the
particular conditions (e.g. cloud distribution) and
range of values of m described above. The scatter of
the points in figs. 55 and 56 can be attributed to small
variations ln the thickness and distribution of cloud.
The variation of individual wavelengths, D(A),
(10 nm blocks) was also investigated; the data from
04/06/74 were used for this purpose because more spectra
were available from that day than from the other days.
The dependence of nine wavelengths on m is shown ln
lncreases as m decreases, and at A > 560 nm, D(A)
decreases as m decreases; this lS because the spectra
normalisation is that wavelengths near to 560 nm
(e.g. 500 nm, 600 nm) show a smaller variation with m
than do wavelengths at the ends of the spectral range.
The theoretical studies (section 9.1) indicated
that log(ID) (the direct sunlight irradiance) was a
linear function of m. To discover whether a similar
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98daylight, using some of the spectra recorded by Tarrant
thick cloud, and sunlight was falling upon the receiving
screen at 780 - 810 to the normal.
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97 . d' d hTarrant ~n ~cate t at
present; thus there may be significant differences
between SPDs which were measured under apparently
points in figs. 57 - 63 are scattered, instead of lying
on smooth curves.
In the presence of cloud, the SPD of daylight
depends on the relative ma~nitudcs of the contributions
from sunlight (if the sun is shining), light from the
clouds, and light from any cloudless partE of the sky.
The two extremes of cloud cover are most easily analysed:
(a) small amounts of cloud, < 4/10
(b) large amounts of cloud, > 8/10
When there are large amounts of cloud and the sun
is obscured, the SPDs of north-facing and south-facing
daylight are very similar. Two spectra from the 1971
measurements are compared in fig. 64; they were recorded
when the sky was totally overcast. There are small
differences between the curves, particularly towards the
red end of the spectrum. The diagram is slightly
misleading in the 350 - 450nm region; here the SPDs
differ by less than 1%. The SHTUV ratios differ by less
than 3%, and the LNGUV ratios by less than 0.1%. Thus,
thick cloud mixes together the sunlight and skylight
which fall upon it, and behaves as a uniform diffuser.
The proportion of UV radiaticil in north-facing
daylight from a clear sky is greater than that in the
daylight from an overcast sky, hut it is slightly
reduced if sunlight is falling upon the receiving screen.
o
300
Even when the amount of cloud is small~ changes 1n the
distribution of bright cloud in the northern sky will
have a significant effect on the SPD of north-facing
daylight; this may be partly responsible for the scatter
of the points 1n figs. 61 - 63.
Sunlight 1S the most intense component of south-
f~cing daylight. The proportion of UV radiation is
smaller and the daylight is "redder" when the sun is
shining through thin ~loud than when the sky is
cloudless. The effects of thick cloud are indicated 1n
fig. 65; the three SPDs shown were measured on the same
day. The "sun shining (3/10 cloud)" spectrum was
recorded in the morning (m = 1.42), and the "8/10 cloud"
spectra were recorded within a 10 minute period (m = 1.42
when the sun is shining and there is no cloud very close
to the sun~ the SPD of south-facing daylight is
relatively insensitive to the amount of cloud in the sky;
i.e. the distributio, of cloud is more important than
of a change in the distribution, but not 1n the amount,
of cloud. There was a large increase in the proportion
of short-wavelength radiation (the light became "bluer")
when the sun was obscured; the SHTUV ratio increased by
100%, and the LNGUV ratio increased by 60%. The "sun
obscured (8/10 cloud)" SPD is similar to the SPD of
light from the overcast sky, but it is significantly
/ "'\ \
I
o
300 500
A. (urn)
decreasing
proportion
of UV
radiation
ultraviolet wavelengths, the reader is referred to
100Bener .
However, Condit96 found that daylight from a
10.2.3 Ozone absorption
The absorption of UV radiation by atmospheric
ozone dominates the daylight spectrum in the region
A < 330 nm. The relation between the ozone content of
the atmosphere and the power in this region of the
spectrum was investigated using the SHTUV ratio.
Atmospheric ozone data were obtained from the
Meteorological Office, but only one value of the ozone
content was available for each day; thus it was
necessary to make comparisons between SPDs which had
been measured on different days.
08/05/74
14/05/74
30/05/74
04/06/74
0.420
0.379
0.376
0.352
0.0101
0.0121
0.0123
0.0116
8/10 thick cloud
3/10 thick cloud
3/10 thick cloud
thin cloud
This table shows the SHTUV ratio at m = 1.25 and the
ozone content of the atmosphere (in cm at STP) on four
days; all of the SlTUV ratios were derived from SPDs
recorded when the sun was shining.
If all other factors remained constant, the SHTUV
ratio would increase as the ozone content decreased.
The first three days' figures show the expected
variation, although the differences between 14/05/74
and 30/05/74 are too small to be significant. There
is a comparatively large change in the ozone content
between 08/05/74 and 14/05/74, and a correspondingly
large change 1n the SHTUV ratio; however, this variation
could be due to the different amounts of cloud. The
data for 04/06/74 show the expected trend when compared
with 08/05/74, but not when compared with 14/05/74 or
30/05/74; but again there were significant differences
between the cloud cover at the times of measurement.
An investigation of the i~dividua1 wavelengths 310 nm
and 320 nm yielded similar results.
From this brief study it is evident that variations
1n the ozone content of the atmosphere may produce
measurable changes in the proportion of short-wavelength
UV radiation; however, other variable factors, such as
cloud, can produce changes of similar or greater
magnitude.
The colour of each daylight spectrum was expressed
in terms of the chromaticity coordinates x, y, and z
(x + y + z = 1), and the correlated colour temperature
(CCT) was calculated from the isotemperature lines
published by Kel1y101 the CCT is often expressed in
the form 106/T, in mireds (micro ~ciprocal ~egrees).
The chromaticity coordinates of the SPDs measured
within a narrow zone which is parallel to the P1anckian
locus, and a small distance away from it; a similar
distribution of chromaticity coordinates was obtained
by Tarrant, and by other workersl02, but in each case
the zone containing the points was at a different
0.32
0.30
The chromaticity coordinates of the 1974 SPDs. The locus
of Planckian (black body) Radiators is shown, with the
colour temperatures expressed in mireds.
the factors which affect the colour of daylight has been
97presented by Tarrant .
0.334
0.322
Fig. 67 The chromaticity coordinates of south-facing
daylight with less than 3/10 cloud cover, for
1.1 < m < 1.3. The locus of Planckian (black
body) radiators is shown, with colour
temperatures expressed ~n mireds.
D1 D2 D3
300 0.2 .0.1 0.4
320 16.2 16.3 17.1
340 32.7 33.4 33.7
360 37.0 37.2 37.9
380 43.6 43.6 44.7
400 67.0 66.9 67 .7
420 82.1 82.1 82.7
440 93.0 93.6 93.0
460 105.8 10'6.8 106.1
480 107.4 109.2 108.6
500 102.6 104.9 104.0
520 97.3 99.8 98.4
540 102.8 103.7 103.3
560 100.0 100.0 100.0
580 99.0 98.2 99.0
600 95.4 96.7 96.0
620 91.2 93.5 91.7
640 90.1 92.3 90.1
660 85.1 87.1 85.6
680 85.4 88.7 85.6
700 79.9 81.8 80.0
x 0.3276 0.3273 0.3273
y 0.3401 0.3400 0.3403
103Henderson made a similar study;
0.06
140
• • a.·:. ...
..
• ~t·.. ....:...''..,
..... .
,.,
... .,. .., .: ...., .
. ·."':i: .. :., '......
The LNGUV ratio as a function of the Correlated
Colour Temperature
0.005
140
..... ..' .' ..
", .'~.•. -',.. .
::. :.~.... .... ..:'.... :'
The SHTUV ratio as a function of the Correlated
Co1~ur Temp~rature
by Winch104 was applied to the 1971 and 1974 data; the
by the symbol D6500. These distributions were based on
the work by Judd105 he applied the method of
Day1ight" (RD) with the required colour temperatures.
102(For further details, see Henderson chapter 13.)
10 Mired Number of SPDs CCT of mean SPDgroup l.n group (K)
160 - 170, south-facing (1974) 14 6000
170 - 180, south-facing (1974) 47 5750
180 - 190, south-facing (1974) 13 5530
I
150 - 160, north-facing (1971) 12 6300
160 - 170, north-facing (1971) 28 6010
160 - 170, south-facing (1971) 11 5950
170 - 180, north-facing (1971) 7 5750 I
I
170 - i80, south-facing (1971) 16 5750
I190 - 200, south-facing (1971) 9 5100
o
300
b T.T· hl04. S h Af' b S .106,107y ~lnc l~ out rlca, y astrl
97and by Tarrant in England. The mean
.106 d 1Sastrl compare resu ts
by Judd (D6500), Winch, and Tarrant agree to within 5%
over the range 430 ~ A ~ 700 nm (see fig. 71); at
500
t.. (nm)
Comparison between D6500 and the mean of SPDs in the
150 - 160 mired range, measured by Tarrant and Winch
o
300 500
A (nrn)
~ .. -..-
~
~~ .
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Comparison between D5500 and the mean of SPDs in the
180 - 190 mired range, measured by Brock and Winch
~ < 430 nm Tarrant's curve differs from D6500 by less
than 7%, while Winch's values are much higher than
D6500 (20% higher at 400 nm). Sastri's figures for
6500 K are at least 10% higher than D6500 throughout
most of the visible region, except at 520 ~ ~ ~ 580
and at one or two individual wavelengths; these
discrepancies have yet td be satisfactorily explained.
Henderson's standard curve for 6500 K agrees well with
D6500; this is tobe expected, because D6500 is based
on many of the SPDs measured by Henderson.
A comparison of standard distributions for 5500 K
produced similar results (see fig. 72); again Sastri's
figures differ significantly from those of the other
researchers. It may be worth noting that for some of
Sastri's spectra daylight was reflected directly into
the measuring equipment from an aluminised mirror,
without the use of a diffusing screen; all the other
investigators employed a diffusing surface to receive
the daylight.
It may be concluded that for engineering purposes,
and for any other applications where an accuracy
greater than 5% is not required, the eIE standard
distributions are adequate as a world-wide standard 1n
the visible region of the spectrum.
10.4.2 The ultraviolet region of Standard daylights (A ~ 399 nm)
The uv energies of standard daylights at 6500 K
and 5500 K are listed in Table 10. All of the
measured values (W, S, T, and B) are higher than the
eIE (J) figures, although the University of Surrey
CCT 6500 K
A J W S T
300 0.03 1 .3 0.2
'310 3.3 12.6 8.1
320 20.2 37.2 24.8
330 37.1 63.0 44.4
3t~0 40.0 64.4 49.4 45.1
350 45.0 63.1 51.4 49.9
360 46.7 63.0 52.1 49.2
370 52.2 77 .6 70.6 59.0
380 50.0 72.8 74.6 56.6
390 54.7 74.2 63.3 55.9
CCT 5500 K
A J W S B
300 0.02 0.3 0.2
310 2.1 3.9 4.8
320 11.2 14.5 14.4
330 20.7 26.5 27.1
340 24.0 30.6 35.4 30.1
350 27.9 35.4 36.1 32.6
360 30.7 38.7 38.4 ·34.2
370 34.4 48.6 54.0 41 .2
380 32.6 47.4 57.7 40.2
390 38.2 51.0 49.6 41.4
J - Judd (RD), W - Winch, S - Sastri (RD),
T - Tarrant 1971 (6300 K), B - Brock 1974 (5530 K)
man-made particles which result from industrial
. . 53,108act1v1ty
from p1ac~ to place; e.g. 1n the period 1910 - 1960,,
1 . l' d' 109 d . £11gh-a t1tU e a1rcraft , an the deplet10n 0 the
110sprays
At least 10 years have passed since Tarrant's
first measureme~ts of the SPD of day1ight97; if there
o
300 500
A (nm)
Comparison between SPDs of south-facing daylight (mean of
170 - 180 mired group) measured in 1974 and 1963-7
o
300
Comparison between SPDs of south-facing daylight (mean of
180 - 190 mired group) measured in 1974 and 1963-7
sunlight; for this reason the mean SPDs of the north-
facing 160 - 170 mired groups are compared in fig. 75.
The 1967 spectrum has the higher CCT and is therefore
"bluerll; it is up to 15% higher than the 1971 curve in
the region 360 ~ A ~ 390 nm. This may represent a real
change in the SPD of average daylight, or it may be due
to differences between the measuring eq~lipments which
were used on the two occas~ons.
For compar~sons in the 300 - 350 nm region, only
the 1971 and 1974 spectra are available; the mean SPDs
of the south-facing 170 - 180 mired groups are listed
~n Table 11. The spectra differ by no more than 3%
over the range 330 ~ A ~ 690 nm. The photomultiplier
used ~n the 1971 measurements had a low sensitivity at
A < 330 nm, and so the differences between the SPDs ~n
these variations were due to changes in the atmospheric
ozone, they would indicate that the ozone content has
increased since 1971; the current controversy concerns
a possible decrease in the ozone content of the
change in the power at all wavelengths would not be
detected, because relative SPDs are being compared.
The comparisons are made on the basis of similar CCTs;
thus the spectra a~e necessarily similar in the visible
region, and changes at visible wavelengths would not be
o
300
Comparison between SPDs of north~facing daylight (mean of
160 - 170 mired g~oup) measured in 1971 and 1963-7
A 1971 1974
-
300 0.1 0.2
310 7 .1 6.0
320 18.6 16.8
330 31.9 31.4
340 33.1 34.1
350 37.0 37.2
360 37.8 38.3
370 45.6 46.2
380 45.0 45.0
390 46.1 45.5
400 67.8 68.1
420 83.3 83.6
440 .91.2 93.6
460 105.6 106.9
480 107.7 108.9
500 104.0 104.2
520 99.5 98.9
540 102.8 103.4
560 100.0 100.0
580 98.7 98.6
600 95.4 95.7
620 91. 7 91.9
640 89.3 90.6
660 85.6 86.1
680 84.1 86.6
700 76.5 80.6
CCT 5750 K 5750 K
at UV wavelengths, without corresponding changes 1n the
visible region, then the mean spectra would have similar
eCTs but different UV disiributions; under these
spectrum could be detected.
From these studies it may be concluded that, for
tpe range of CCTs considered above, the SPD of average
daylight in the region 350 , ~ , 700 nm has not changed
significantly during. the past 10 years; furthermore, at
short UV wavelengths (~ < 350 nm) the average SPD
measured in 1974 is similar to that obtained in 1971.
There is some evidence that the UV content of mean
spectra with similar CCTs has decreased slightly; but
these variations can be attributed to differences in
the equipment and measuring technique.
zenith angles; at z = 60°, the decreases are 10%, 4%,
Changes ~n the ozone content of the atmosphere have
the greatest effect at wavelengths shorter than 330 nm.
For z = 00, a 10% decrease in the ozone content increases
the direct sunlight irradiauce by a factor of 10 at
285 nm, by a factor of 4 at 290 urn, by 50% at 300 nm, and
by 7% at 310 urn; the total erythemic flux increases by
approximately 18%.
The irradiance of skylight for z = 00 was calculated
using the single scattering approximation; however,
multiple scattering makes an important contribution to
skylight at short wavelengths. In a molecular atmosphere
(aerosol-free), single-scattered radiation accounts for
only 30% of the skylight irradiance at 300 nm, for 70% at
400 nm, and for 85% at 500 nm; the corresponding figures
for global radiation are 70%, 93%, and 99%.
When the aerosol content of the atmosphere increases,
the skylight irradiance increases at all wavelengths; the
accuracy of the single-scattering method decreases, but
the results are still comparable with figures obtained by
exact methods. A 10% increase in the aerosol content
lncreases the skylight irradiance by 2% at 400 nm, and by
7% at 800 nm; the global irradiance lS reduced by 1.5%
increase ~n the tropospheric aerosol is more effective ln
reducing the global irradiance than lS an equivalent
increase throughout the atmosphere, or ln the stratosphere
in the stratospheric aerosol can produce a greater
reduction in global radiation than can be produced by an
equivalent increase in the tropospheric aerosol.
When calculating the skylight irradiance, it is
unsatisfactory to regard the atmospheric ozone as being
concentrated in a single layer at the top of the
atmosphere; for arcurate results, a realistic vertical
distribution of ozone must be used.
When the differences between the real and the
~odel atmospheres are taken into account, the
calculated irradiances of direct sunlight and skylight
are found to be in satisfactory agreement with measured
values.
Under stable atmospheric conditions, the proportion
of uv radiation in daylight decreases as the solar
zenith angle increases, and the daylight becomes
"redder". The SPDs are normalised at 560 nm wavelength;
thus, as z increases, the relative power at A < 560 nm
decreases, and the relative power at A > 560 nm
compensates for the reduction ~n direct sunlight; thus,
for a given change in z, the variations ~n the relative
power are smaller than would be predicted by
calculations on direct sunlight alone.
For limited ranges of z, it is possible to express
the proportion of UV radiation as a linear function of
the a~r mass (m = sec(z)). At individual wavelengths,
the relative power can also be represented as a linear
function of m; in some cases, however, a linear
relation between the log (relative power) and m is more
accurate. Similar results were obtained for both nort~
facing and south-facing SPDs.
The effect of cloud is ~ifficult to quantify.
These latest studies confirm Tarrant's observation that
the distribution of cloud in the sky is important ~n
determining the SPD. Small amounts of cloud have
little effect on south-fa~ing spectra, provided that
none of the cloud is close to the sun. When the sky ~s
uniformly overcast, north-facing and south-facing SPDs
differ by less than 3%. The proportion of UV radiation
in south-facing spectra is smaller when the sun ~s
shining through thin cloud than when the sky is clear;
the relative power at short wavelengths increases when
the sun is obscured by thick clouds.
It is not possible to relate the relative power at
A < 330 nm to the ozone content of the atmosphere,
because the effects of changes in the ozone content are
masked by day to day variations in the atmospheric
conditions, e.g. cloud.
The correlated colour temperatures of the SPDs
measured ~n 1971 and 1974 range from 5000 K to 7100 K.
Within this range of CCTs, it is possible to calculate
the proportion of UV radiation at A < 400 nm to within
:!: 0.008, from the CCT alo·ne.
SPDs whose chromaticity coordinates differ by less
than 0.0004 agree to within 5% throughout the visible
region of the spectrum; there is even closer agreement
between SPDs which have been measured under similar
conditions.
agree to within 5~ with the meRn spectra obtained by
other workers and with the eIE standard daylights,
D6500 and D5500. In the UV region, all the measured
values are higher than the erE figures. Winch's values
are highest, but they can be partly explained by the
high altitude at which his measurements were made.
Tarrant's 1971 figures are closest to D6500; they are
10% larger than the erE values in the range 350 - 380 nm,
and the differences increase as the wavelength
figures are satisfactory as a world-wide standard ~n
the visible region of the spectrum; however, for
biological studies, an accurate knowledge of the UV
~ontent of daylight ~s required, and for these purposes
the erE figures are inadequate.
A comparison between SPDs measured ~n 1971 and 1974
and Tarrant's earlier measureme,nts indicates that the
SPD of daylight of a particular eeT is substantially
the same now as it was 10 years ago.
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Comments m ~s complex
Subroutine ~s listed on page A2
Comments m is real
Subroutine ~s listed on page A3
SUBROUTINE MIEFl(X,M,PEXT,PSCA)
COMPLEX M,Y,WN,WNM1,WNM2,ANY,ANYMl,AN,BN,ASTR,BSTR
SQRMOD(Z) = REAL(Z)*REAL(Z) + AIMAG(Z)*AIMAG(Z)
LM = IFIX(l.2>~X) + 9
PEXT 0.0
PSCA 0.0
RN = 0.0
R2NP1 = 1.0
Y = M>~X
ANY = CCOS(Y)/CSIN(Y)
WN = CMPLX( SIN(X) , COS(X) )
WNM1 = CHPLX( AIHAG(WN), -REAL (\-IN) )
1 RN = RN + 1.0
R2NPl = R2NP1 + 2.0
WNH2 WNH1
WNH1 WN
WN = WNMl*(R2NPI - 2.0)/X - WNM2
ASTR = RN/Y
ANYM1 = ANY
ANY = 1.0/(ASTR - ANYHl) - ASTR
XRN RN/X
ASTR = ANY/M + XRN
BSTR = ANY*H + XRN
AN = (ASTR*REAL(WN) - REAL(WNH1))/(ASTR*WN - WNH1)
BN = (BSTR*REAL(WN) - REAL(WNH1))/(BSTR*WN - WNM1)
ABMOD = SQRHOD(AN) + SQRMOD(BN)
PEXT = PEXT + R2NPl*(REAL(AN) + REAL(BN))
PSCA = PSCA + R2NP1*ABrtOD
IF «ABMOD/RN) - 0.IE-13) 2,0,0
IF (IFIX(RN) - LM) 1,1,0
2 RETURN
END
SUBROUTINE MIEF2(X,M,PSCA)
COMPLEX WN,WNMl,WNM2,AN,BN
REAL 11
SQRMOD(Z) = REAL(Z)*REAL(Z) + AIMAG(Z)*AIMAC(Z)
LM = IFIX(1.2*X) + 9
PSCA = 0.0
RN = 0.0
R2NP1 = 1.0
Y = M*X
ANY = COS(Y)/SIN(Y)
WN = CMPLX( SIN(X), COS(X) )
WNMl = C11PLX( AIMAG(WN), -REAL(WN) )
1 RN = RN + 1.0
R2NP1 = R2NP1 + 2.0
WNM2 WNMI
WNHI WN
WN = WNH1*(R2NPl - 2.0)/X - WNM2
ASTR = RN/Y
ANYM1 = ANY
ANY = 1.0/(ASTR - ANna) - ASTR
XRN RN/X
ASTR = ANY/H + XRN
BSTR = ANY*M + XRN
AN = (ASTR*REAL(WN) - REAL(WNM1»/(ASTR*WN - WNM1)
BN· (BSTR*REAL(WN) - REAL(WNM1»/(BSTR*WN - WNM1)
ABMOD = SQRMOD(AN) + SQRMOD(BN)
PSCA = PSCA + R2NP1*ABHOD
IF «ABMOD/RN) - 0.lE-13) 2,0,0
IF (IFIX(RN) - LM) 1,1,0
2 RETURN
END
Output Psca, through the parameter PSCA
Pext delivered by the procedure
Comments m is complex
Procedure is listed on page AS
Comments m is real
Procedure is listed on page A6
'PROC' MIEAl = ('REAL' X, 'COMPLEX' M, 'REF"REAL' PSCA)'REAL':
( 'PROC' HODSQR '" ('COHPLEX' Z)'REAL':
(RE 'OF' Z*RE 'OF' Z+ IH 'OF' Z"'IH 'OF' Z);
'PROC' CCOT = ('COl'1rJEX'Z)'COMPLEX':
( 'COHPLEX' Z2 = 2.0*Z;
,REAL' XP EXP (1M 'OF' Z2),
DN --0.5"«XP + l/XP) - COS(RE 'OF' Z2);
( SIN(RE 'OF' Z2)/DN ) ? ( (l/XP - XP)/(2.0*DN) ) );
'INT' N2Pl:= 1;
'COHPLEX' Y = H*X;
'BaaL' CHECK:= 'TRUE';
'REAL' PEXT::.::0.0; PSCA:= 0.0;
'COHPLEX' ANY:= CCOT(Y), WN:= SIN(X) ? COS(X),
WNMl:=cIM 'OF' WN ?-RE 'OF' WN;
'FOR' N 'TO' ('ROUND' (1.2*X) + 9) 'WHILE' CHECK 'DO'
( 'COHPLEX' NY = N/Y, ANYMI = ANY;
'REAL' NX = N/X;
N2Pl 'PLUS' 2;
ANY:= 1.0/(NY - ANYM1) - NY;
'COMPLEX' Cl = ANY/M + NX, C2 ANY*M + NX, WNM2 = WNHl;
WNMl:= WN;
WN:= WNM1*(N2Pl - 2)/X - WNM2;
'COMPLEX' AN = (Cl*RE 'OF' WN - RE 'OF' WNH1)/
(Cl*WN - WNMl),
BN = (C2*RE 'OF' WN - RE 'OF' WNMl)/
(C2*WN - WNMl);
'REAL' AB = MODSQR(AN) + MODSQR(BN);
PEXT 'PLUS' N2Pl*(RE 'OF' AN + RE 'OF' BN);
PSCA 'PLUS' N2Pl*AB;
CHECK:= AB/N >= 0.1&-13); PEXT);
'PROC' M1EA2 = ('REAL' X~M)'REAL':
( 'PROC' MODSQR = ('COMPLEX' Z)'REAL':
(RE 'OF' Z*RE 'OF' Z + 1M 'OF' Z*IM 'OF' Z);
'INT' N2P1:= 1;
'REAL' Y = M*X;
'BaaL' CHECK:= 'TRUE';
'REAL' PSCA:= 0.0, ANY:= 1.0(TAN(Y);
'COHPLEX' WN:= SIN(X) ? COS(X),
WNM1:= IH 'OF' WN ?-RE 'OF' WN;
'FOR' N 'TO' ('ROUND'(L2*X) + 9) '';\1I11LE'CHECK 'DO'
( 'REAL' NY = N/Y, NX = N/X, ANYM1 = ANY;
N2P1 'PLUS' 2;-
ANY:= 1.0/(NY - ANYM1) - NY;
'COHPLEX' WNM2 = WNM1;
WNM1:= WN;
WN:= WNM1*(N2P1 - 2)/X - WNM2;
'REAL' T1 = ANY/M + NX, T2 = ANY*M + NX;
'COMPLEX' AN = (T1*RE 'OF' WN - RE 'OF' WNM1)/
(T1*WN - WNM1),
BN (T2*RE 'OF' WN - RE 'OF' WNM1)/
(T2*WN - WNM1);
'REAL' AB = MODSQR(AN) + MODSQR(BN);
PSCA 'PLUS' N2P1*AB;
CHECK:= AB/N >= 0.1&-13); PSCA);
181 (m)x,O)1 2, 182 (m,x,O)1
. . f 2 -1~n un J_ t s 0 - cm •sr.
the fields in to which the cards are divided.
The number of cases (3) is on card l-
Case 1 is on cards 2 - 5.
Case 2 ~s on card 6.
Case 3 is on cards 7 and 8.
The first card of each case contains:
because the program automatically evaluates the
scattering functions for both 8 and 1800 - 8.
MASTER ITHETASF
COMPLEX M,AN,BN,S1F,S2F,S1B;S2B,TEMP
DIMENSION AN(250),BN(250),THEDEG(200)
PI = 3.1415926536
DTOR = PI/180.0
READ(l,100) NOL
DO 1 I = 1, NOL
READ(1,101) L,R,M,NUM
C1 = PI*2000.0/FLOAT(L)
X = C1~~R
RK2 = C1*C1*0.1E+09
C1 = FLOAT(L)*0.1E-10/C1
IF ( ABS(AIMAG(M» - 0.5E-05 ) 2,2,0
CALL MIEF5(X,M,PEXT,PSCA,AN,BN,NTERMS)
GO TO 3
2 CALL MIEF6(X,REAL(M),PSCA,AN,BN,NTERMS)
PEXT = PSCA
3 PEXT = PEXT*C1
PSCA = PSCA*C1
WRITE(6,200) L,R,X,M,PEXT,PSCA
IF (NUM) 4,1,0
NTHETA = NUN
READ(1,102) (THEDEG(J), J = 1, NTHETA)
4 WRITE(2,200) L,R,X,M,PEXT,PSCA
DO 1 J ~ 1, NTHETA
THEJ = THEDEG(J)
THETA = THEJ*DTOR
CALL S1S2F(AN,BN,NTERMS,THETA,S1F,S2F,S1B,S2B)
TEMP = (S1F*CONJG(S2F»/RK2
G1 = SQRMOD(S1F)/RK2
G2 = SQRMOD(S2F)/RK2
WRITE(6,201) THEJ,G1,G2,TEMP
TEMP = (SlB*CONJG(S2B»/RK2
G1 SQRMOD(SlB)/RK2
G2 SQRMOD(S2B)/RK2
200
1
2
3
4
5
6
7
201
THEJ = ]80.0 - THEJ
WRITE(2,201) THEJ.G1,G2,TEMP
1 CONTINUE
STOP
100 FORMAT(I5)
101 FORMAT(15,E20.0,2F15.0,I5)
102 FORMAT(10F8.0)
FORMAT(lHl,12HWAVELENGTH =,I6,11H NANOMETRES,/
19H RADIUS OF SPHERE =,E13.6,12H MICROMETRES,/
21H SIZE PARAMETER (X) =,E13.6,/
23H REFRACTIVE INDEX (M) =,2F12.5,/
27H EXTINCTION CROSS-SECTION =,E13.6,11H SQUARE CM.,/
27H SCATTERING CROSS-SECTION =,E13.6,11H SQUARE CM.,///
6H THETA,10X,12HS1.S1*/(K.K),10X,12HS2.S2*/(K.K),22X,
12HS1.S2~/(K.K),/)
FORMAT(F6.1,9X,E13.6,9X,E13.6,12X,2E15.6)
END
FUNCTION SQRMOD(Z)
COMPLEX Z
SQRMOD = REAL(Z)*REAL(Z) + AIMAG(Z)*AIMAG(Z)
RETURN
END
SUBROUTINE MIEF5(X,M,PEXT,PSCA,AN,BN,N)
(see page All)
SUBROUTINE MIEF6(X,M,PSCA,AN,BN,N)
(see page A12)
SUBROUTINE SlS2F(AN,BN,NTERMS,THETA,SlF,S2F,SlB,S2B)
(see page A13)
SUBROUTI~E MIEF5(X,M,PEXr;PSCA,AN,BN,N)
COMPLEX M,Y,ANY,ANYM1,WN,WNM1,WNM2,AN,BN,C1,C2,Tl,T2
DIMENSION AN(250),BN(250)
LM = IF1X(1.2*X) + 9
PEXT 0.0
PSCA 0.0
N = 0
R2NP1 = 1.0
ANY = CCOS(Y)/CSIN(Y)
WN = CMPLX ( SIN (X), CO S (X) )
WNM1 = CMPLX( AIMAG(WN), -REAL(WN) )
1 N = N + 1
RN = FLOAT(N)
R2NP1 = R2NP1 + 2.0
WNH2 = WNM1
WNH1 WN
WN WNMl*(R2NPl - Z.O)/X - WNHZ
T1 RN/Y
ANYM1 = ANY
ANY 1.0/(T1 - ANYH1) - T1
XRN RN/X
Tl ANY/M + XRN
TZ ANYi:H + XRN
Cl (T1*REAL(WN) - REAL(WNMl»/(Tl*WN - WNM1)
CZ = (TZ*REAL(WN) - REAL(WNM1»/(TZ*WN - WNMl)
AN (N) Cl
BN(N) CZ
ABMOD SQRMOD(C1) + SQRMOD(CZ)
PEXT = PEXT + R2NPl*(REAL(Cl) + REAL(C2»
PSCA = PSCA + RZNPl*ABMOD
IF «ABMOD/RN) - 0.lE-I3) 2,0,0
IF (N - LH) 1,1,0
2 RETURN
END
SUBROUTINE MIEF6(X,M,PSCA,AN,BN,N)
COMPLEX WN,WNMl,WNM2,AN,BN,Cl,C2
DIMENSION AN(250),BN(250)
REAL H
LM = 1 IX(1.2~X) + 9
PSCA 0.0
N = 0
R2NPl = l.0
Y = M*X
ANY = COS(Y)/SIN(Y)
lVN = CMPLX ( SIN (X), COS (X) )
lVNMl = CMPLX(AIMAG(WN), -REAL (WN) )
1 N = N + 1
RN = FLOAT(N)
R2NP1 = R2NP1 + 2.0
lVNH2 WNM1
lVNMl = HN
lVN = lVNM1*(R2NPl - 2.0)/X - lVNH2
Tl RN/Y
ANYM1 = ANY
ANY = 1.0/(T1 - ANYMl) - Tl
XRN = RN /X
Tl = ANY/M + XRN
T2 = ANY*H + XRN
Cl (T1*REAL(lVN)
C2 = (T2*REAL(WN)
AN (N) C1
BN(N) C2
ABMOD SQRHOD(C1) + SQRMOD(C2)
PSCA = PSCA + R2NP1*ABMOD
IF «ABMOD/RN) - 0.lE-13) 2,0,0
IF (N - LM) 1,1,0
2 RETURN
END
REAL(lVNMl»/(T1*lVN WNHl)
- REAL(lVNHl»/(T2*lVN - WNMl)
SUBROUTINE SlS2F(AN,BN,NTERMS,TllETA,SIF,S2F,SIB,S2B)
COMPLEX AN,BN,SIP,S2F,SIB,S2B,ATAU,BTAU,API,BPI
DIMENSION AN(NTERHS),BN(NTERHS)
SIF (0.0,0.0)
S2F (0.0,0.0)
SIB (0.0,0.0)
S2B = (0.0,0.0)
cSTHE = cas (THETA)
N - 1
RN = 1.0
PNMI = 0.0
PN = 1.0
TN = cSTHE
GO TO 2
1 N = N + 1
RN = FLOAT(N)
PNM2 PNMI
PNMI PN
PN = «2.0*RN - 1.0)*cSTHE*PNMl - RN*PNM2)/(RN - 1.0)
TN RN*PN*cSTHE - (RN + 1.0)*PNMl
2 F = (2.0*RN + 1.0)/(RN*(RN + 1.0»
API AN(N)*PN
BPI BN(N)*PN
ATAU AN(N)*TN
BTAU BN(N)*TN
SlF SlF + F*(API + BTAU)
S2F = S2F + F*(ATAU + BPI)
RMI TN = -1.0
IF ( (N/2)*2.EQ.N ) RMITN = 1.0
SIB = SIB + F*RMITN*(BTAU - API)
S2B = S2B + F*RMITN*(ATAU - BPI)
IF (N - NTERM S) 1,0 ,0
RETURN
END

RADIUS OF SPHERE = 0.875352E-02 MICROMETRES
SIZE PARAMETER (X) 0.100000E 00
REFRACTIVE INDEX (M) = 1.54000 0.00000
EXTINCTION CROSS-SECTION 0.632553E-16 SQUARE CM.
SCATTERING CROSS-SECTION = 0.632553E-16 SQUARE eM.
THETA Sl.Sl*/(K.K) S2. S2*/(K.K) Sl.S2*/(K.K)
0.0 0.758675E-17 0.758675E-17 0.758675E-17 O.OOOOOOE 00
1.0 ·0.758675E-17 0.758444E-17 0.758559E-17 -0.248595E-27
2.0 0.758673E-17 0.757750E-17 0.758212E-17 -O.993976E-27
3.0 0.758670E-17 0.756595E-17 0.757632E-17 -0.223536E-26
4.0 0.758667E-17 0.754979E-17 0.756820E-17 -0.39711SE-26
5.0 0.758662E-17 0.752905E-17 O.755778E-17 -0.619923E-26
3for 1 ill of aerosol with
In this case the integral between xl and x2 ~s~
evaluated in three parts (ndiff = 3).
This program is for the Haze L size distribution
2 1i.e. n(r) = ar exp(-br2).
OUTPUT 6 ~"LPO
INPUT 1 = CRO
MASTER EXTSCAF
COMPLEX M
DIMENSION ARG(7),CEXT(501),CSCA(501)
PI = 3.1415926536
A = 0.49757E+07
B 15.1186
WRITE(6,200) A,B
READ(l,100) NOL
DO 1 I = 1, NOL
READ(1,101) L,M,NDIFF, (ARG(J), J
C1 FLOAT(L)/(PI*2000.0)
C2 = A*FLOAT(L)*C1*C1*0.lE-08
EXT 0.0
SCA = 0.0
J 0
5 J J + 2
X ARG(J - 1)
DX ARG(J)
UX = ARG(J + 1)
INC = IFIX«UX - X)/DX)
IF (INC - (INC/2)*2) 0,2,0
INC = INC + 1
DX = (UX - X)/FLOAT(INC)
ARG(J) = DX
2 NOORD = INC + 1
IF (NOORD - 501) 3,3,0
WRITE(6,201) INC
GO TO 1
3 R = X*C1
DR = DX*C1
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25..
26
27
28
29
30
K 0
4 K K + 1
ASDF = R*R*EXP(-B*SQRT(R»
CALL MIEF1(X,M,PEXT,PSCA)
CEXT(K) ASDF*PEXT
CSCA(K) ASDF*rSCA
X X + DX
R = R + DR
IF (K - NOORD) 4,0,0
EXT EXT + SIMP(CEXT,DX,NOORD)
SCA SCA + SIMP(CSCA,DX,NOORD)
IF (J - 2*NDIFF) S,O,O
EXT EXT*C2
SCA SCA*C2
\.JRITE(6,202) L,M,EXT,SCA,(ARG(J), J
1 CONTINUE
STOP
100 FORHAT(IS)
101 FORMAT(IS,2F1S.0,IS/7F10.0)
200 FORMAT(lHJ ,14H HAZE L A =,E12.S,6H
201 FORMAT(23H NUHBER OF INCREMENTS =,IS,
1 13H EXCEEDS SOO///)
202 FORMAT(/13H WAVELENGTH =,IS,3H NM,/
1 27H AEROSOL REFRACTIVE INDEX =,2F10.S,/
2 27H EXTINCTION CROSS SECTION =,E13.6,
3 34H (SQUARE M PER CUBIC M OF AEROSOL)/
4 27H SCATTERING CROSS SECTION =,E13.6,13H (SAME
5 37" LIMITS OF INTEGRATION AND INCREMENTS,/20X,
6 F7.3,3(2H (,F7.3,2H) ,F7.3) )
END
SUBROUTINE MIEF1(X,M,PEXT,'PSCA)
(see page A2)
FUNCTION SIMP(Y,H,N)
(see page A20)
37
38
39
40
41
42
43
44
+ 1»45
46
47
48
SO
Sl
S2
S3
54
55
56
UNITS)/57
58
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FUNCTION SIMP(Y,H,N)
DIEENSION YeN)
SE -- 0.0
SO -- 0.0
DO 1 I 2, (N - 1), 2
1 SE = SE + Y (I)
DO 2 T = 3, (N - 2) , 2
2 SO SO + Y (1)
SIMP H* (YO) + YeN) + 2.0*(SO + 2.0*SE»/3.0
RETURN
END
Data Cards for Program EXTSCAF
WAVELENGTH = 3000 NM
AEROSOL REFRACTIVE INDEX 1.36400 -0.30600
EXTINCTION CROSS SECTION = 0.157010E-04 (SQUARE M PER CUBIC M OF AEROSOL)
SCATTERING CROSS SECTION = 0.370219E-05 (SAME UNITS)
LIMITS OF INTEGRATION AND INCREMENTS
0.025 (0.025) 2.000 (0.100) 4.000 (
WAVELENGTH = 8150 NM
AEROSOL REFRACTIVE INDEX 1.29000 -0.04720
EXTINCTION CROSS SECTION = 0.935567E-06 (SQUARE M PER CUBIC M OF AEROSOL)
SCATTERING CROSS SECTION = 0.146888E-06 (SAME UNITS)
LIMITS OF INTEGRATION AND INCREMENTS
0.100 (0.100) 3.000 (
il (8) ~ i2 (8» i3 (8), i4 (8) in uni ts
for 1 m3 of aerosol with the Haze H
2 -1of lit .SI.'
if x is the largest value of xmax
1.2x + 9.max
nol is the number of wavelengths at which the
In this case the integral between xl and x2 18
13F, 14F are the functions i. (8)
J
for j = 1, 2, 3, 4, and lIB, 12B, 13B, 14B are
the functions i.(1800 - 0).
J .
2The size distribution is Haze H, n(r) = ar exp(-br).
ALGOL6&R MATRIXLA
'BEGIN' 'REAL' A == 4.0&+05, B = 20.0;
'PROC' N = ('REAL' R)'R~ALf: ( R*R*EXP(-B*R) );
'PROC' ANGULARA ('REAL' THETA, 'INT' NTERMS,
'REF'[]'REAL' PIE,TAU);
( 'REAL' CSTHE = COS(THETA*PI/180.0);
'REAL' PN,PNM1:= 0.0;
PIE [1] := PN: == 1. 0 ;
TAU[l]:== CSTHE;
'FOR' N 'FROM' 2 'TO' NTERMS 'DO'
( 'REAL' PNM2 = PNM1;
PNM1:= PN;
PIE[N]:= PN:= «2*N -1»)~CSTHE*PNM1 - N)~PNM2)/(N - 1);
TAU[N]:== N*PN*CSTHE -(N + 1)*PNM1 ) );
'PROC' INTENSA = ('REAL' X,M, 'REF'[]'REAL' PIE,TAU,RA):
( 'PROC' MODSQR = ('COMPLEX' Z)'REAL':
(RE 'OF' Z*RE 'OF' Z + 1M 'OF' Z*IM 'OF' Z);
'INT' N2P1:= 1;
'REAL' Y = M*X;
'BOOL' CHECK:= 'TRUE';
'REAL' ANY:= 1.0/TAN(Y);
'COHPLEX' WN:= SIN(X) ? COS(X),
WNM1:= 1M 'OF' WN ?-RE 'OF' WN, SlF:= 0.0 ? 0.0,
S21":== o. 0 ? o. 0, S1 B :== O. 0 ? 0..0, S2B := o. 0 ? O. 0 ;
'FOR' N 'TO' ('ROUND' (1.2*X) + 9) 'WHILE' CHECK 'DO'
( 'REAL' NY = N/Y, NX = N/X, ANYH1 = ANY;
ANY:= 1.0/(NY - ANYM1) - NY;
N2P1 'PLUS' 2;
'COMPLEX' WNH2 WNM1;
WNM1: = WN;
WN:= WNM1*(N2P1 - 2)/X - WNH2;
'REAL' T1 = ANY/M + NX, T2 = ANY*H + NX;
'COMPLEX' AN (Tl*RE 'OF' WN - RE 'OF' WNMl)/
(Tl*WN - WNHl),
BN (T2*RE 'OF' WN - RE 'OF' WNMl)/
(T2~;1)N- HNMl),
API", AN:J:PIE[ N], BPI BN~;PIE[ N] ,
ATAU = AN*TAD[N], BTAD = BN*TAU[N];
CHECK:= (MODSQR(AN) + MODSQR(BN»/N >= 0.lL-13;
'REAL' F = N2Pl/(N*(N + 1»;
SIF 'PLUS' F'~(API + BTAU);
S2F 'PLUS' F*(BPI + ATAU);
'REAL' MITN = 'IF' 'ODD'N 'THEN' -1.0 'ELSE' 1.0 'FI'*F;
SIB 'PLUS' MITN*(BTAU API);
S2B 'PLUS' MITN*(ATAU - BPI) );
RA [1] := HOD SQR (S1F) ;
RA[ 2]:= HODSQR(S2F);
'COHPLEX' TEHP:= SlF*'CONJ'S2F;
RA[ 3] := RE 'OF' TEHP;
RA[ 4] : = Hi '0 F' TEHP ;
RA[S]:= HODSQR(SIB);
RA [6] := MOD SQR (S2B) ;
TEHP:= SIB*'CONJ'S2B;
RA[7]:= RE 'OF' TEMP;
RA[ 8]:= 1M 'OF' TEMP);
READ{(THETA,NTERMS,NOL»;
OUTF(STANDOUT,$"THETA ="<3.2>20X,"A ="<1.2&2>10X,
liB="<2>L$, (THETA,A,B»;
[l:NTERMS] 'REAL' PIE,TAU, [1:8] 'REAL' RA,SCA,Yl,Yi:.,YO;
ANGULARA(THETA,NTERMS,PIE,TAU);
'TO' NOL 'DO'
( 'INT' L,NDIFF; 'REAL'M; READ«L,M,NDIFF»;
'INT' LIH = 2*NDIFF + 1; [1:LIH] 'REAL' ARG; READ(ARG);
'REAL' C1 = L/(2000.0*PI), C2 = A*C1*Cl*Cl*1.0&-06;
'FOR' I 'TO' 8 'DO' SCA[I]:= 0.0;
'FOR' J 'FROM' 2 'TO' (LIH - 1) 'DO'
( 'REAL' X:o= ARG[J - 1], DX:= ARG[J];
'REAL' UK = ARG[J + 1];
, INT' INC: == 'ROUND' «UX - X) /DX) ;
'IF' 'ODD'INC 'THEN' INC 'PLUS' 1;
ARG[J]:'" DX:= (UX - X)/INC 'FI';
'FOR' I 'TO' 8 'DO' YE[I]:= YO[I]:= 0.0;
'R'EAL' R: = X*C1; 'REAL' DR = DX*C1, ASDF N (R) ;
INTENSA(X,M,PIE,TAU,RA);
, FOR' I 'T 0' 8 'D 0' Y1 [I ] : = RA [ I ] *ASDF ;
X 'PLUS' DX; R 'PLUS' DR;
'FOR' K 'FROM' 2 'TO' (INC + 1) 'DO'
( 'REAL' ASDF = N(R); INTENSA(X,M,PIE,TAU,RA);
'IF' 'ODD'K 'THEN'
'FOR' I 'TO' 8 'DO' YO[I] 'PLUS' RA[I]*ASDF 'ELSE'
, FOR' I 'T 0' 8 'D 0' YE [ I] 'P LUS' RA [ I ] *ASDF 'F I ' ;
X 'PLUS' DX; R 'PLUS' DR );
'FOR' I 'TO' 8 'DO' SCA[I] 'PLUS'
DX*(Y1[I] + 2.0*(YO[I) + 2.0*YE[I]) - RA[I])/3.0 );
'FOR' I 'TO' 8 'DO' SCA[I] 'TIMES' C2;
'REAL' ADD1 0.5*(SCA[1] + SCA[2]),
ADD2 0.5*(SCA[5] + SCA[6]);
FORMAT(STANDOUT,$4L"WAVELENGTH ="<4>L,
"AEROSOL REFRACTIVE INDEX ="<1,2>L,"I1F ="<1,5&2>L,
"I2F ="<1.5&2>L,"I3F ="<1,5&2>L,"I4F ="<1.5&2>2L,
"lIB ="<1.5&2>L,"I2B ="<1.5&2>L,"I3B ="<1.5&2>L,
"I4B ="<1,5&2>2L,"(I1F + 12F)/2 ="<1,4&2>L,
"(lIB + 12B)/2 ="<1.4&2>2L,
"LIMITS OF INTEGRATION AND INCREMENTS"2L15X
N (L 1M) « 3 • 3 >" , " ) i) ;
OUT(STANDOUT, (L,M,SCA,ADD1,ADD2,ARG» )
'END' 'FINISH'

WAVELENGTH = 450
AEROSOL REFRACTIVE INDEX 1.34
llF 6.538621.'. -6
l2F 6.45815& -6
l3F -- 6./16379& -6
l4F 5.33148& -7
lIB 1.61196& -7
l2B 1.35959& -7
l3B =-1.26475& -8
l4B =-9.07046& -8
(IIF + l2F)/2 = 6.4984& ,.~o
(lIB + l2B) /2 1./1858& -7
Printed Output from Program MATRIXLA
Se .Compte Rendu 1 Sess~on CIE,
The Chairman proposed the following agenda which was
agreed:
1. Chairman's introduction.
2. Paper by A. W. S. Tarrant and J. R. Brock (GB) "Distribu-
tion of daylight in the UV-Region".
3. Paper by G. S. Sarichev et aI. "The use of the optical range
spectrum Radiation in Technological Processes".
4. Discussion of the two papers.
5. Discussion of future progress.
1. The Chairman advised that the present TC - 2-2 would be
discontinued. It has been suggested that the activities on UV
and IR sources will be transferred to TC - 2-1 (Japan), the
activites concerning: photobiological effects and the coopera-
tion with CIP will ~ transferred to a new Committee TC - 3-7
formed from Study group E, Chairman Thorington (USA).
Detectors and radiometric instruments could be the future
work ofTC ~2-2. The Secretariat may be Hungary (Chairman:
Schanda).
Special attention should be given on the future activities on
the accurate knowledge of the spectral distribution of solar
and global radiation. This will be discussed under item 4 of
the agenda.
2. Paper of Tarrant.
P -75-23
On rapporte les recherches actuelles dans la repartition spcctrale du rayonnement diurne a I'Universite du Surrey, ainsi
que les etudes des facteurs atmospheriques susceptibles d'affecter la lumiere du jour. Dne attention particuliere a ete donnee a la
region UV. Les resultats obtenus continuent a demontrer une teneur llV plus importante que celle indiquee par les chiffres de
la CIE. II Ya des indices pouvant montrer que la teneur UV de la lurniere du jour type varie de lieu en lieu.
The current investigations of the spectral power distribution of daylight at the University of Surrey are reported, together
with studies of the atmospheric factors which may effect daylight. Particular attention has been given to the UV region. The
results obtained continue to show higher UV contents than those indicated by the CIE figures. There is some indication that
the UV content of typical daylight varies from place to place.
Es wird tiber die zur Zeit an der University of Surrey stattf1.:1dendenUntersuchungen der spektralen Strahlungsverteilung
von Tageslicht berichtet und auch tiber die Untersuchungen der atffiospharischen Faktoren, die auf das Tageslicht einwirken.
Insbesondere wurde das UV-Gebeit berticksichtigt. Die Ergebnisse zeigen weiterhin einen grosseren ev-Gehaltals die von der ,cIE
veroffentlichten Werte. Es sind Anzeichen vorhanden, dass der U\"oGehalt des typis.:hen Tageslichts von Ort zu Ort verschclden
ist.
For some years measurements of the spectral power distribu-
tion of daylight have been carried out at the University of
Surrey [I], and some of this work was described at the ]7th
Session of the CIE in Barcelona in ]971 [2]. This paper describes
more recent work, concerned mainly with the ultra-violet
region of the spectrum and with some of the atmospheric
factors which affect daylight.
The apparatus used is the same as that described in the ]97]
paper [2], so a detailed description will not be given here.
Basically it was a single-beam spectroradiometer, employing
an Optica CF 4 monochromator and a photomultiplier of wide
spectral range. The spectrum from 300-800 nm could be
scanned in about 2 ]/2 minutes, whilst the spectrum was
sampled at every 1 nm point. The instrument was calibrated
three times daily by reference to a glass envelope tungsten
lamp running at the colour temperature of standard illumi-
nant A, which was used as a work:ng standard. This lamp
was in turn calibrated by reference to a quartz-window tung-
sten ribbon lamp operating at the same colour temperature,
whose energy distribution was derived from figures prepared
by Jones [3J, and based on the work of de Vos [4].
The apparatus and calibrations have been improved, by use
of a photomultiplier which has increased sensitivity in the
UV region, and by the use of a new and recently calibrated
standard lamp. The arrangements for sampling the light
\\ere not changed) light from the sky was allowed to fall on a
surface painted with the special high-reflectance Eastman
Kodak white paint, set at 45° to the vertical facing either due
Korth or due South, and light from this entered the mono-
chromator. The calibrating sources were used with a similar
screen, coated with the same paint.
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FIGURE 1
Comparaison des anci~ns et nouveaux calibrages dans la region UV.
Le rapport E2/El est ie rapport des energies spectrales relatives obtenu
a ch:lque longueur d'once par les nouveaux (E2) et anciens (El) calibrages
FIGURE 1
Comparison of old and new calibrations in the UV region. The ratio
E2jEI is the ratio of the relative spectral energies obtained at each
wavelength from the new (E2) and old (EI) calibrations
BILD 1
Vergleich alter und neuee Eichungen im UV. Das Verhliltnis E2/El
wurde von den spektralen Strahlungsverteilungen einer bestimmten
Wer.:enlange mit der neueUD Eichung (E2) und der alter Eichung (El)
gerechnet
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FIGURE 2
Un spectre de lumic:re du jour d'exposition Sud typique (CCT 5 500 K)
FIGURE 2
A typical South facing Daylight spectrum (CCT 5,500 K)
BILD 2
Ein typisches Tageslichtspektrum, Siidansicht
The paper presented to the Barcelona meeting was intended
as an interim report. At that time, the author was not cntirely
confident about the calibration of the apparatus. By reference
to our new calibrating lamp, it was cvident that our 1971
calibrations were slightly in error in the UV part of the
spectrum, though they were satisfactory in the visible range.
We have therefore re-calculated all of our 1971 results and
they are presented hen.; together with our more recent ones.
The effect of the recalibration was to slightly lower the values
of relative energy in the UV region, as indicated in figure I.
In all, 178 measurements were made, of which 95 were in
the 197I series and 83 in the 1974 series. All of the measure-
ments were made at the same location - the disused "brook-
lands" motor racing track near Weybridge, Surrey.
The spectra were recorded at 1 nm wavelength intervals,
and a typical spectrum is shown in figure 2. In this figure the
abscissa reprcsents wavelength, and the ordinate the amount
of energy per unit waveband relative to that of 560 nm. The
value at 560 nm is arbitrarily taken as 100; in discussmg
these results It is important to bear in mind that these figures
relate to relative spectral power distributions, and not absolute
ones. It will be seen from figure 2 that a daylight spectrum,
when recorded at 1 nm intervals, is quite complex. In order to
compare our results with those of other workers we have
"agglomerated" our results, i.e. the results over each 10 nm
section have been integrated and the other curves shown here
are drawn through the 10 nm mean points.
In considering results of this kind, it is normal practice to
classify the spectra in terms of the 1931 chromaticity coordi-
nates or of the corresponding correlated colour temperature.
In common with other workers [5, 6, 7], we have found that
the spectral power distribution in the UV region is much
more variable than 10 the visible, and this raises the question
"How should daylight spectra be classified for UV content 1"
For example, it could be done by reference to the erythemic
effect that might be produced, or reference to one of the many
other non-visual effects of radiation. It remains an open
question. For convenience and simplicity we have adopted
two methods. First, we have used the ratio of energy in the
FIGURE 3.
Puissance rdative UV
et Puissance relative UV court.
FIGURE 3.
UV ratio and Short UV raIio.
BILD 3.
UV- verhaltnis und kurz liV- verhaltnis.
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300-399 om waveband to that of the 300-699 nm waveband;
similar approachcs have been used by other workers [5, 6, 7].
Second, since there is much interest in the effects of ozone
absorption at shorter wavelengths we have chosen another
ratio; that of energy in the 300-329 nm waveband to that
of the 300-699 nm waveband. We will refer to the first of these
as the "UV ratio" and the second as the "Short UV ratio";
these terms are demonstrated in figure 3.
The UV ratio obtained for each distribution recorded is
plotted against the correlated colour temperature in figure 4
and the variability of the UV region is immediately obvious.
For a given value of correlated colour temperature, the UV
ratio may vary by 0.016. Other workers in widely different
locations [5, 6, 7] have remarked upon this variation. Our
results are superimposed on mean curves obtained by Hen-
derson [5] and Winch [6] in figure 5. It should be noted that
our results are for almost the whole of the sky, and con-
sequently the range of colour temperatures observed is lower
than that for the other workers, who have included results
pertaining to particular parts of the sky, of small area. In
view' of the interest in erythemic and other biological effects
of UV radiation, it was decided to attempt to correlate the
UV ratio and short UV ratio with various atmospheric factors
which might be expected to influence the proportion of UV
radiation in daylight.
The attenuation of solar radiation depends on its path
length through the atmosphere. The position of the sun may
be described by the solar zenith angle (z); z = 900 at sunrise
and sunset, and z = 00 when the sun is directly overhead. The
relative air mass is defined by
Path length through atmosphere for zenith angle z
01= Path length for z = 00
then ill = sec z for z < 75° (i.e. ignoring the curvature of the
earth, and atmospheric refraction).
AltlfmJ
B~
c[lIn
Short UV Ratio = A
A+B+C
UV Ratio = A+B
A+B+C
500
Wavelength (run)
F'::it-~i<E4.
La '.ariation du "UV ratio" avec Ja temperature
de C('-:lleur correlative.
F[G~;([ 4.
The '. ariation of ••uv ratio"
wit:-. Correiated Colour Temperature.
B1LS' .!.
Die Yeranderung des "UV- verhaltnisses"
in Beziehung zm Farbtemperatur.
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FIGURE 5.
Comparaison du "UV ratio" avec ceux d'autres chercheurs.
(Les points indiques sont ceux qui ont ete trouves par les metreurs.)
FIGURE 5.
Comparison of"UV ratio" with those of other workers.
(The points indicated are those obtained by the authors.)
BIL05.
Vergleich des "UV- verhiiLtnisses" mit denen anderer ~utoren.
(Die Ergebnisse der hier behandelten Untersuchungen smd
durch Punkte angezeigt.)
The following simple relation can be developed using these
approx;mations; the irradiance due to direct sunlight on a
plane perpendicular to the sun's rays is
H(f.) = Ho(l.) exp (-mD)
Ho(") is the extraterrestrial solar irradiance at wavelength '"
and D is the total optical density of the atmosphere for
m = I. The optical density has three components, Rayleigh
scattering, Aerosol scattering and ozone absorption; their
relative magnitudes are shown in figure 6 (from Elterman [8]).
(The absorptions of Water Vapour and Oxygen at A > 700 nm
will not be discussed here). The contribution from Rayleigh
scattering can be regarded as constant, so H(A) depends on the
atmospheric aerosol, ozone and air mass. It would be expected
that South facing spectra with direct sunlight would approxi-
mate to this model when m is small and the sky is cloudless.
Skylight alone (e.g. North facing spectra for clear skies)
shows a more complex dependence on these factors. In
practice, there are at least four variables to be considered:
aerosol, ozone, air mass and cloud cover. To investigate the
effect of one of these factors it is necessary to obtain spectra in
which all of the other variables are unchanged - such condi-
tions rarely occur.
The simple model suggests that the UV ratio decreases as an
exponential function of m. To test this prediction the UV
ratios for each day's measurements were plotted against m.
On relatively cloudless days the UV ratIOs for south facmg
spectra increased with decreasing values of m; one of the
results is shown in figure 7, and confirms the prediction. The
scatter of the points is caused by variations in the quantity
and distribution of clouds during the day.
Another variable which depends on m is the so-called
"minimum wavelength", the shortest wavelength at which UV
radiation can be detected. This depends mainly on the altitude
of the observer, the atmospheric ozone content-, and the
measuring equipment. As m decreases, the irradiance increases
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FIGURE 6.
Proportions relatives des facteurs contribuant
ala densite optique de I 'atmosphere.
FIGURE 6.
Relative proportions of factors contributing
to the optical density of the atmosphere.
BtLD 6.
Relatives Verhaltnis der Faktoren,
die zu der atmospharischen Extinktion beitragen.
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anj the minin::um ·".avelength becomes shorter, i.e. for a
spc,,;:ificmeasuring ,:evice the atmospheric absorption edge
mo\'es "sidew:iYs-. The effect as calculated for the simple
me·del is shown in ngure 8. Some of our results show this
effc-.::t,but in vie""of [he confusion caused by the other variable
fa.:wrs it has not so far been possible to establish a definite
correlation.
The amount of ozone in the path of sunlight through the
atrr.osphere depends on path length and concentration, so it is
proportional to ill x t. where t is the total ozone content for
m = 1. A dependeQce of the short UV ratio on the ozone
cor-tent would be ex~ected. It was assumed that t is constant
during anyone da;', and the short UV ratio was plotted
against m x t for fi'.-e of the days of measurements. On any
one day, the short l;V ratio will decrease with increasing m x t
because of the dependence on m. It is the comparison between
different days ,.•.hich is important, i.e. short UV ratio would
der-end on m x t only if all other conditions were unchanged.
The problem can be seen from figure 9, where differing
conditions from day to day, e.g. cloud, produce a wide range
of yalues of short UV ratio for each value of m x t.
The term atmospheric aerosol refers to the particles sus-
pended in the atmQ5phere, e.g. water droplets, dust. Those
panicles in the size range 100-1,000 nm have the greatest
effe.:t on daylight. T:"1eaerosol is found mainly below 30 km
altitude, and 80:'~of it is in the lowest 5 km of the atmosphere.
It is probable that much of the change from day to day in
UY radiation is due to changes in the aerosol. An overall
inc,ease in the par:ide concentration will product:: a pro-
ponional decrease io direct sunlight al alI wavelengths, but
an increase in the pmportion of smalI particles wilI cause an
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FIGURE 7.
La variation du "UV ratio" et "Short UV ratio"
avec la masse de I'air (m).
FIGURE 7.
The variation of"UV ratio" and "Short UV ratio"
with air mass (m).
BILD 7.
Die Veranderung des "UV- verhaltnisses"
und des "kurz UV- verhaltnisses"
mit der Luftmasse (m).
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FIGURE 8.
La variation de la "longueur d'onde minimum"
avec la masse de I'air.
FIGURE 8.
The variation of the "minimum wavelength"
with air mass.
BILD 8.
Die Varanderung der "minimalen WellenHinge"
mit der Luftmasse.
FIGURE 9.
L'etTet de I'absorption de l'ozor,e
sur Ie "Short UV ratio".
FiGURE 9.
The effect of ozone absorption
on the "Short UV ratio".
Bll.D 9.
Die Wirkung der Ozonabsorption
auf das "kl,lfz UV- verhaltnis".
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increased attenuation of the shorter wavelengths. The pre-
sence of the aerosol produces an increase in the scattered
radiation (skylight) although most of the energy is scattered
in the forward direction; typically the aerosol scattering varies
as 1/).. No measurements of the atmospheric aerosol have
been made at the University of Surrey, though it could be
estimated from the visibility at ground level.
From the foregoing remarks it is obvious that clouds have
an important effect on the spectral power distribution of
daylight. It is difficult to formulate a simple description of
cloud in the sky, and its optical properties [1]. Two extreme
cases are most easily discussed,
(i) very little cloud, say < 4/1 0;
(ii) 9-10/10 thick cloud with the sun obscured.
The recent measurements indicate that for South facing
spe~tra 10/10 cloud produces a marked increase in the UV
ratio compared with the cloudless sky; on one occasion a
50~,~increase was recorded when the sun was obscured by a
thick could. In general, the UV ratios for North and South
facing spectra with 10/10 cloud agree to within 3%: North
facing spectra from a cloudless sky without direct sunlight
have an even higher UV content. Another interesting observa-
tion is that hazy sunshine (South facing spectra) produces a
very low UV ratio. These results confirm the observations of
Bener [9], that diffusion of radiation is predominant in thin
clouds, whereas extinction predominates in thicker clouds.
Thin clouds will produce an effect similar to "ordinary" haze
(aerosol), where the extinction decreases at longer wavelengths,
producing a lower UV content. The effect of thick clouds on
visible radiation is readily observed, and it is probable that
the shorter wavelengths are attenuated less than the visible
w.3.velengths. This, together with the "mixing" in of blue sky
by the clouds, will produce a higher UV content.
0.3
OLone X Air Mass
The work of Winch [6] and others [1, 7], whose results
hav'e been confirmed by more recent measurements [10, 11],
indicated that there might be a higher proportion of UV
radiation in daylight than is indicated by the CIE figures.
The results of our ]971 series did so. These results (as men-
tioned above) have been.incorporated with the 1974 series
and classified by correlated colour temperature in the same
way. The mean result for the 150-160 North facing mired
range is shown in figure 10 and table 1, together with D65 and
Winch's results for a similar group, and it will be seen that
our results are higber than D65 by about 15% in the range
300-400 nm. The agreement over the visible range is good and
for the most part tbe differences of the various workers' curves
can be attributed to the different methods employed to sample
the spectrum.
For engineering purposes it is necessary to have some agreed
formulation of the spectral power distribution of daylight and
over the visible region this is adequately provided by the
family of "D6S" curves. These curves may well be slightly in
error but this is of little consequence for engineering purposes.
If. for example, one is concerned with colour specification
relating to coloured surfaces, the fact that most surfaces have
ra~her non-selectiv'e spectral reflectance curves means that
small errors can be safely tolerated. In the UV region, however,
w::Jerewe are often concerned with biological effects which are
ody activated by radiation in certain naI:row wavebands (e.g.
erythema), it is important that we have full confidence in any
figures put forward.
Before any for.nulation is put forward the question "Is
d:1ylight the same everywhere?" must be answered. Studies of
daylight have been made in many parts of the world [12, 13],
and as far as the ...isible region is concerned the answer to this
questIOn is clearly. "Yves". But as far as the UV region is
concerned more caution is needed in view of the greater bearing
of atmospheric factOrs on the UV content. The table b~low
shows the UV ratios recorded by various workers at various
places.
FIGURE 10.
Repartition spectrale moyenne
pour Ie groupe 150·160 mired
compare avec celui de Winch
et D.,.
D65
•• • • • •• Tarrant
--.-.-------- Winch
FIGURE 10.
Mean spectral power distribution
for the 150·160 mired group
compared with that of Winch
and D.,.
BILD 10.
DurchschnittJiche spektrale
Strahlungsverteilung der 150-160
mired Gruppe verglichen
mit der von Winch und D••.
••....~,. .
" t1 .- ••.. -:. ..
t' •
t:::,,, :
: •·••.l
!
"...............•••
500
Wavelength (nm)
Table 1. Numerical values for the spectral power
distributions shown in figure 10 i. (nm) D6S Winch Tarrant
;,(nm) D6S Winch Tarrant 620 87.6 89.8 90.5
610 89.6 92.5 92.4
630 83.3 86.5 86.9
300 0.03 1.3 0.2 640 83.7 85.2 88.2
310 3.3 12.6 8.1 650 80.0' 82.2 84.2
320 20.2 37.2 24.8 660 80.2 78.8 84.0
330 37.1 63.0 44.4 670 82.2 81.9 85.7
340 40.0 64.4 45.1 680 78.3 78.6 83.1
350 45.0 63.1 49.9 690 69.7 69.4 68.8
360 46.7 63.0 49.2 700 71.6 70.4 75.5
370 52.2 77.6 59.0
380 50.0 72.8 56.6
390 54.7 74.2 55.9
400 82.8 98.0 81.8 Correlated colour temperature (K)410 91.6 103.2 94.9
420 93.5 105.0 96.4
430 86.8 89.2 89.5 Location 5500 6500 7500440 104.9 105.3 104.4
450 117.1 '119.4 113.2
460 117.8 119.8 116.6 Sastn (1) Delhi 0.0865 0.1052 0.1190470 114.9 116.8 114.0
480 115.9 120.8 115.9 Judd (1) 0.0637 0.0912 0.1151
490 108.8 1l0.3 108.5 Henderson London 0.0993
500 109.4 110.0 109.6 Winch Pretoria, S.A. 0.0820 0.1236 0.1509
510 107.8 108.4 108.7 Tarrant London 0.0743 0.0978 (2)
520 104.9 101.8 102.8
530 107.7 105.6 105.7 (') "Reconstituted" day light.
540 104.4 J03.0 104.7 (') 6,300 K.
550 104.0 102.6 J04.0
560 100.0 100.0 100.0
570 96.4 97.7 96.9 It will be noted that all of these workers report higher UV
580 95.7 97.2 96.8 ratios than that of D65, and that there are noticeable differences590 88.6 93.2 91.5 between them, except for the results of Henderson and the
600 90.0 91.5 93.1 current authors - but their. two locations were only a few
miles apart. It is the opinion of the authors that the mean UV
391
content of daylight does vary to some extent from place to
place and that a simple formulation of ;t is not likely to be
adequate for all purposes. For those purposes where a simple
formulation is adequate, the CIE curves appear to be about
10% too low in the UV region. In our opinion, it is not worth
altering the CIE figures, provided that their limitations are
recognised.
This work was carried out as part of the research programme
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P-75-24
Sur la base de I'tStude de la conso01mation d'energie, on montee I'avantage des procedes photochimiques sur les methodes
traditionnelles (thermiques, par exemple) d'action sur les substances. On discute les aspects qui influent la rentabilite du procede
photochimique, a savoir la sensibilite et la repartition spectrale de meme que la mise au point d'une source effective d'emission.
Sont cites des exemples de la realisation industrielle des procedes utilisant l'emission optique.
On the basis of study of power consumption, an advantage of photochemical processes over the traditional (thermal for
instance) methods on influence on the materials has been demonstrated. The methods of task solution, namely the spectral
sensitivity ofa process, the redistribution of the radiation and the development of an efficient source of radiation, that determine
the profitability of a photochemical process have been discussed, Some examples of the industrial realization of the processes
using an optical radiator have been given.
Auf Grund der Betrachtung vom energetischen Aufwand wird ein Vorteil von photochemischen Vorgangen im Vergleich
mit den traditionelien (zum Beispiel, thermischen) Methoden,die den Stoffbeeinflussen,. gezeigt. Es werden Methoden zur Lasung
der Fragen diskutiert, die die Rentabilitat eines photochemischen Vorgangs bestimmen die spektrale Empfindlichkeit ein~s
Vorgangs, die Verteilung der Strahlung und das Schaffen einer effektiven Strahlungsquelle. Es werden Beispiele fUr die
industrielle Realisierung fUr Vorgange unter Verwendung von optischer Strahlang angefUhrt.

A D (A) A D(A)
--
300 0.2 520 100.8
310 5.8 530 10Lf.1
320 17.7 540 104.2
330 34.0 550 104.0
340 37.2 560 100.0
350 40.5 570 97.8
360 41 .3 580 97.6
370 49.6 590 94.1
380 47.9 600 94.1
390 48.0 610 92.0
400 71. 6 620 89.9
410 84.9 630 87.4
420 87.1 640 88.6
430 82.7 650 86.3
440 97.3 660 84.6
450 106.3 670 86.8
460 110.8 680 84.8
-,
470 109.1 690 72.8
480 112.0 700 78.9
490 104.8
500 106.6 x 0.3218
510 106.6 y 0.3360
--
·-.,,>
A DCA) A DCA)
.- w - -
300 0.2 520 98.9
310 6.0 530 103.0
320 16.8 540 103.4
330 31.4 550 103.5
340 34.1 560 100.0
350 37.2 570 98.4
360 .38.3 580 98.6
370 46.2 590 95.2
380 45.0 600 95.7
390 45.5 610 94.0
400 68.1 620 91.9
410 80.9 630 89.7
420 83.6 640 90.6
430 79.3 650 . 87.9
440 93.6 660 86.1
450 102.6 670 88.2
460 106.9 680 86.6
470 105.7 690 75.0
480 108.9 700 80.6
590 102.1
'.
500 104.2 x 0.3266
510 104.4 y 0.3393
-
I- D (I-) I- DO)
--
300 0.2 520 97.4
310 4.8 530 101.6
320 14.4 540 102.5
330 27 .1 550 103.0
340 30.1 560 100.0
350 32.6 570 98.4
360 34.2 580 99.2' c
370 41.2 590 95. I}
380 40.2 600 96.5
390 41.4 610 95.2
400 62.4 620 93.2
410 74.9 630 91.0
420 77.3 640 92.4
430 74.7 650 89.4
l~4a 88.7 660 88.1
450 97.1 670 90.6
460 102.1 680 88.9
470 101.4 690 76.6
480 105.2 700 82.6
490 99.4
500 101.4 x 0.3317
510 102.1 y 0.3442
"--
I- nO) A D (A)
---
300 0.2 520 102.8
310 8.1 530 105.7
320 24.8 540 104.7
330 44.4 550 104.0
340 45.1 560 100.0
350 49.9 570 96.9
360 49.2 580 96.8
370 59.0 590 91. 5
380 56.6 600 93.1
390 55.9 610 92.4
400 81.8 620 90.5
410 94.9 630 86.9
420 96.4 640 88.2
430 89.5 650 84.2
440 104.4 660 84.0
450 113.2 670 85.7
460 116.6 680 83.1
470 114.0 690 68.8
480 115.9 700 75.5
490 108.4
500 109.6 x 0.3163
510 108.7 Y 0.3293
-
A DCA) A l~CA)
300 0.1 520 100.1
310 6.2 530 104.2
320 20.8 540 103.7
330 38.9 550 103.7
340 39.7 560 100.0
350 44.4 570 96.8
360 43.7 580 97 .1
370 52.8 590 91.7
380 50.8 600 93.9
390 50.2 610 92.9
400 74.1 620 90.9
410 86.9 630 87.2
420 88.3 640 88.9
430 83.9 650 84.7
440 98.2 660 84.9
450 106.2 670 87.0
460 110.6 680 85.0
470 108.6 690 68.8
480 111.4 700 76.1
490 104.4
500 106.4 x 0.3214
510 106.3 y 0.3351
Tablr, C6
_._ .. ~'> •.• -~
Hean SPD of 160 - 170 mired group, south-facing (1971)
----_ ....•--_. -----_ •.-. "
A n (A) A D (A)
----
300 0.1 520 99.8
310 6.5 530 103.8
320 21.2 540 103.4
330 38.3 550 103.5
3/+0 39.1 560 100.0
350 43.5 570 97.1
360 .43.2 580 97.6
370 52.1 590 92.2.
380 50.5 600 94.9
390 50.1 610 94.3
400 73.8 620 92.5
410 86.7 630 88.8
420 88.9 640 90.0
430 83.8 650 85.5
440 98.6 660 86.1
450 106.9 670 88.0
460 111.0 680 86.2
470 108.7 690 70.4
480 111.0 700 77.4
490 103.8
500 105.8 x 0.3226
510 105.7 y 0.3345
_.
A D(A) A D (A)
300 0.0 520 98.1
310 5.6 530 102.5
320 18.7 540 102.7
330 34.9 550 103.1
340 35.6 560 100.0
350 39.6 570 97.0
360 39.4 580 97.6
370 47.7 590 92.0
380 46.6 600 94.7
390 45.9 610 93.2
400 67.3 620 91.3
410 79.6 630 87.7
420 81. 6 640 89.2
430 77.6 650 85.0
440 91.4 660 85.6
450 99.3 670 87.4
460 104.4 680 85.8
470 103.3 690 69.9
480 106./ 700 77.0
490 100.1
500 103.1 x 0.3270
510 103.5 y 0.3413
--------, .._--
A D (A) A D (A)
-- ---
300 0.1 520 99.5
310 7.1 530 102.9
320 18.6 540 102.8
330 31.9 550 103.1
3!1-0 33.1 560 100.0
350 37.0 570 97.9
360 37.8 580 98.7
370 45.6 590 93.7 ,
380 45.0 600 95.4
390 46.1 610 93.4
400 67.8 620 91.7
410 79.7 630 88.5
420 83.3 6!1-0 89.3
430 77.1 650 85.3
440 91.2 660 85.6
!150 101.5 670 86.5
460 105.6 680 84.1
470 104.9 690 71.0
480 107.7 700 76.5
490 102.3
500 104.0 x 0.3266
510 103.8 y 0.3408
----------.-._-
A DCA) t. ]) (A)
e---- ..-
300 0.2 520 94.6
310 5.7 530 99.8
320 13.4 540 100.8
330 23.0 550 101.8
31+ 0 23.8 560 100.0
350 27.4 570 99.3
360 28.2 580 100.7
370 34.9 590 97.0
380 35.1 600 99.0
390 35.7 610 97.8
400 54.0 620 96.7
410 6Lf.6 630 94.6
420 67.9 640 95.6
430 65.1 650 93.3
440 78.8 660 93.1
450 87.5 670 94.8
460 93.0 680 93.4
470 93.8 690 80.7
480 98.4 700 86.7
490 93.4
500 97.4 x 0.3424
510 98.8 y 0.3540
